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Glutamate receptors are the most widespread neurotransmitter binding proteins in the 
vertebrate  nervous  system,  and  have  been  implicated  in  a  variety  of  higher  brain 
functions  and  pathological  conditions.  A  better  understanding  of  the  structure  and 
function of these receptors is highly desirable for drug development 
The first project presented in this dissertation aimed to verify a hypothesis directly 
relating the activity of a partial agonist with the degree of lobe closure of the soluble 
ligand binding domain (S1S2) observed upon binding that ligand. This hypothesis was 
based on analysis of x-ray crystal structures bound to a family of partial agonists, 5-
substituted  willardiines.  We  used  NH  RDCs  to  determine  the  average  solution 
conformation  of  S1S2  bound  to  various  ligands,  including  the  5-substituted 
willardiines.  To  obtain  the  desirable  precision  of  lobe  closure  calculation,  we 
developed a method by which the structural noise is initially reduced using structure 
refinement against RDCs measured in multiple media for a single ligand (glutamate). 
Such refined structures could then be used to reorient lobes of S1S2 based on RDC 
data measured for any other ligand in a single alignment medium. We were able to 
calculate the difference in the degree of lobe closure induced by glutamate and any 
other  ligand  with  precision  typically  better  than  ±0.75°.  Results  obtained  for 
willardiine partial agonists suggested that the relative orientation of the domains of 
S1S2 is not the only factor determining efficacies of partial agonists, and that large-
scale domain motions may be an important factor. The  second  project  presented  in  this  dissertation  was  to  measure  fast  and  slow 
dynamics  of  certain  types  of  hydrophobic  side  chains  in  GluR2  S1S2  bound  to  a 
variety of ligands. This study presented a unique perspective on the protein structure, 
focusing on the behavior of the hydrophobic cores of S1S2. Slow motions reveal that 
lobe 2 is organized in such a way that its parts may be able to slide past each other. 
This  organization  may  be  significant  for  the  function  of  the  intact  receptor.  Slow 
motions of I712 show that relative domain motions take place for willardiine partial 
agonists, but not the other tested ligands. These motions are especially pronounced for 
iodowillardiine,  in  line  with  previous  experiments.  Faster  motions  provide  an 
opportunity to calculate side chain entropic contribution to binding, and suggest that 
the structure of S1S2 is specifically adapted to accommodate the only natural agonist, 
glutamate.   iii
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CHAPTER 1. INTRODUCTION TO GLUTAMATE RECEPTORS 
 
Close to 50 years of research have revealed a great complexity of actions of glutamate 
as  an  excitatory  neurotransmitter  and  signaling  molecule.  Glutamate  produces  its 
effects via interaction with specialized transmembrane proteins, glutamate receptors, 
as reviewed in (Oswald 2004; Oswald, Ahmed et al. 2007). There are two types of 
glutamate  receptors:  those  that  form  an  integral  ion  channel  (ionotropic  glutamate 
receptors,  iGluRs),  and  those  that  activate  G-proteins  (metabotropic  glutamate 
receptors,  mGluRs).  iGluRs  afford  functional  investigation  by  electophysiological 
experiments, consequently much more has been learned about them. 
Ionotropic  glutamate  receptors  (iGluRs)  are  ligand-gated  ion  channels  that  are  the 
major  mediators  of  excitatory  synaptic  transmission  in  the  central  nervous  system. 
There  are  three  families  of  iGluRs:  AMPA  receptors  (GluR1-4),  kainate  receptors 
(‘low  affinity’  GluR5-7,  ‘high  affinity’  KA1,  KA2),  and  NMDA  receptors  (NR1, 
NR2A-D, NR3A, NR3B). Naming of the receptors reflects their identification based 
on  traditional  pharmacological  approaches:  AMPA  and  NMDA  are  artificial 
compounds, and kainate is a naturally occurring toxin. Each family of receptors has a 
unique  role.  AMPA  receptors  are  key  in  mediating  the  rapid  excitatory  synaptic 
current, the kinetics of which are tuned over about a 5-fold range in different parts of 
the brain (Geiger, Melcher et al. 1995). NMDA receptors act as coincidence detectors, 
monitoring changes in membrane potential and presence of glutamate in the synaptic 
cleft (Collingridge and Bliss 1995). Kainate receptors have a major modulatory role at 
both  presynaptic  and  postsynaptic  sites, and their agonists are known to be potent 
convulsants and environmental toxins (Lerma 2003). iGluRs consist of four subunits 
forming a central pore (Dingledine, Borges et al. 1999). NMDA receptors contain at 
least two types of subunits (NR1 and NR2) and require binding of both glycine (to   2
NR1  subunit)  and  glutamate  (to  NR2  subunit)  for  full  activation.  Non-NMDA 
receptors can be either hetero- or homo-tetramers. While NMDA receptors are in a 
class  of  their  own,  non-NMDA  receptors  are  all  rather  similar.  Among  AMPA 
receptors and across species amino-acid sequence identity is around 70% (Jorgensen, 
Tygesen  et  al.  1995).  GluR5-7  have  75%  sequence  identity  with  each  other,  and 
around 40% with AMPA receptors. KA1 and KA2 have 70% sequence identity with 
each other, but only 43% with GluR5-7, and 37% with AMPA receptors. 
Apart from their function in excitatory transmission, iGluRs also play critical roles in 
neuronal development, synaptogenesis, and neuronal viability (Balazs, Jorgensen et al. 
1988; Cline and Constantine-Paton 1990; Komuro and Rakic 1993; LoTurco, Owens 
et al. 1995). Excessive activation of glutamate receptors causes neuronal damage in 
the phenomenon called excitotoxicity, which was in turn linked to pathologic states of 
the  nervous  system  such  as  anoxia,  hypoglycemia,  seizures,  ischemia,  and 
inflammation  associated  with  viral  infections  (Rothman  and  Olney  1986;  Giulian, 
Vaca  et  al.  1990;  Meldrum  1994).  iGluRs  have  also  been  implicated  in  neuro-
degenerative  disorders  including  Parkinson’s  and  Alzheimer’s  diseases  and 
Huntington’s chorea (Beal 1992; Coyle and Puttfarcken 1993; Gillessen, Budd et al. 
2002). 
In addition to their huge importance in the CNS, iGluRs were found to be expressed in 
several other tissues. Pancreatic islet cells express glutamate receptors that modulate 
insulin  secretion  (Inagaki,  Kuromi  et  al.  1995;  Weaver,  Yao  et  al.  1996).  Certain 
iGluRs  are  expressed  by  osteoclasts  and  osteoblasts  and  regulate  bone  resorption 
(Chenu,  Serre  et  al.  1998;  Patton,  Genever  et  al.  1998).  Numerous  iGluRs  are 
expressed  in  the  cardiac  ganglia,  providing  potential  therapeutic  targets  for 
hypertension and abnormal pacemaking (Gill, Pulido et al. 1998). Glutamate receptors 
were also found in unmyelinated nerve terminals in skin, where they participate in   3
tactile sensation and some forms of pain (Ault and Hildebrand 1993; Carlton, Hargett 
et al. 1995). With such a broad distribution of glutamate receptors among many very 




Figure 1. iGluR subunit topology 
 
Truly detailed structural study of ionotropic glutamate receptors became possible with 
recognition of their modular nature (Figure 1). The initial breakthrough in arriving at 
the currently accepted picture of the receptor organization came with realization that 
portions  of  protein  sequence  were  related  to  bacterial  amino  acid binding proteins 
(Nakanishi, Shneider et al. 1990; O' Hara, Sheppard et al. 1993). It was shown that a   4
region  of  sequence  at  the  N-terminal  (ATD)  is  related  to  leucine-isoleucine-valine 
binding  protein  (LIVBP),  and  two  portions  of the sequence are related to parts of 
lysine-arginine-ornithine binding protein (LAOBP). The topology of iGluRs involving 
three transmembrane segments and a reentrant loop, which would then bring two parts 
of  the  protein  with  sequence  homology  to  LAOBP  on  the  same  side  of  the  cell 
membrane, was suggested in (Wo and Oswald 1994). This model was confirmed by 
the  finding  that  LAOBP  homology  parts  could  only  bind  glutamate  when  brought 
together (Kuusinen, Arvola et al. 1995). It was also recognized that the ion channel 
part of iGluRs shows homology to potassium channels but is rotated 180° with respect 
to the cell membrane (Wo and Oswald 1995; Wood, VanDongen et al. 1995). The 
initial work at expressing the ligand binding domain of GluR4 using an artificial linker 
(Kuusinen, Arvola et al. 1995) paved the way to high yield expression of the soluble 
ligand binding domain (S1S2) of GluR2 (Chen and Gouaux 1997). Importantly, this 
construct showed binding affinity to a number of agonists that was very similar to that 
of the intact receptors. X-ray crystal structures of GluR2 S1S2 in apo form, and bound 
to  a  set  of  ligands  (antagonist  DNQX,  weak  partial  agonist  kainate,  full  agonists 
AMPA  and  glutamate)  revealed  that  the  ligands  bind  to  a  common  binding  site 
between  the  two  lobes  of  the  protein,  and  that  S1S2  closes  around  ligands  in  a 
“clamshell” manner (Armstrong and Gouaux 2000). Binding of full agonists resulted 
in lobe closure of ~20° compared to the apo form, while for kainate the degree of lobe 
closure was around 12°. DNQX-bound structures were very similar to apo structures, 
with the average degree of lobe closure of only 2.5° (Armstrong and Gouaux 2000). 
One of the most important findings about the function of GluR2 was recognition of the 
relation between dimer formation by S1S2 and desensitization of the intact receptor. In 
(Sun, Olson et al. 2002) it was shown that L483Y mutation, as well as addition of 
compound  cyclothiazide  (CTZ)  –  both  known  to  prevent  desensitization  of  intact   5
receptors (Patneau, Vyklicky et al. 1993; Stern-Bach, Russo et al. 1998) – strongly 
promoted dimerization of GluR2 S1S2. X-ray crystallographic studies revealed that 
L483Y mutation and CTZ result in formation of dimers with nearly identical mutual 
orientation of the subunits. The dimer interface is formed between domains 1 of the 
two subunits. Two molecules of CTZ bind per dimer, where the hydrophobic bicyclic 
ring of a CTZ molecule interacts with a complementary nonpolar pocket formed at the 
interface of S1S2 subunits (Sun, Olson et al. 2002). Additional mutations perturbing 
the dimer interface were used to study energetics of the dimer formation, and also to 
observe effects on rates of desensitization and deactivation of full-length receptors. 
Crystal structures of L483Y mutant were solved both with the full agonist AMPA and 
with  the  antagonist  DNQX  to  offer  a  compelling  mechanistic  explanation  of  how 
dimer formation can be involved in channel opening and desensitization. It was shown 
that  within  a  dimer  a  much  larger  distance  separates  linkers  between  S1  and  S2 
proximal to the transmembrane segment 2, when S1S2 is bound to AMPA, than when 
it is bound to DNQX. Thus, it is possible to imagine that in an intact receptor ligand 
binding  leads  to  a  force  being  applied  to  the  ion  channel  that  results  in  channel 
conductance.  This  force  can  only  persist  as  long  as  the  dimer  is  intact,  so  that 
desensitization would result from breaking or rearrangement of the dimer interface 
(Sun, Olson et al. 2002). 
An  even  deeper  investigation  of  the  desensitized  state  of  GluR2  is  described  in 
(Armstrong, Jasti et al. 2006). Authors showed that the dimer interface becomes more 
accessible  upon  desensitization  by  probing  accessibility  of  cysteine  in  the  E486C 
mutant to modification by MTSES in several scenarios: 1) when bound to DNQX, 
which  stabilizes  the  closed-channel  nondesensitized  state,  2)  when  bound  to 
glutamate, resulting in closed-channel desensitized state, 3) when bound to glutamate 
in  the  presence  of  CTZ,  stabilizing  the  open-channel  nondesensitized  state.  It  was   6
observed that the rate of modification was similar in scenarios 1 and 3, but was almost 
two orders of magnitude faster in scenario 2. This observation clearly implies that the 
dimer interface opens up upon desensitization. Authors also performed crosslinking 
studies of several cysteine mutants with linkers of different lengths to determine by 
how much the subunits separate upon breaking of the dimer interface. The idea was 
that while short linkers will prevent complete desensitization by limiting the amount 
of separation between the subunits, some longer linkers would not show that effect. 
That was in fact what was observed; moreover cysteine mutants at different distances 
from the “top” of the dimer interface required different lengths of linkers to prevent 
desensitization (Armstrong, Jasti et al. 2006). It was also shown quite convincingly 
that the mutant S729C is locked in a desensitized state upon formation of the inter-
subunit disulfide bond. The crystal structure of S729C showed a dimer that was very 
different  from  the  one  corresponding  to  the  nondesensitized  structure,  which  is 
normally observed in crystal structures of S1S2. Indeed, in the structure of S729C all 
of the interactions stabilizing the nondesensitized dimer are broken (Armstrong, Jasti 
et al. 2006). 
It should be mentioned that apart from the differences in iGluRs arising from different 
DNA  sequences,  there  is  another  level  of  variability  that  results  from  alternative 
splicing and RNA editing. RNA editing produces a change in one base at the R/G site 
resulting in glycine substitution for arginine (Lomeli, Mosbacher et al. 1994). This 
change  in  protein  sequence  can  affect  recovery  from  desensitization  in  AMPA 
receptors,  and  affect  the  ion  channel  permeability  in  AMPA  and  kainate receptors 
(Sommer, Kohler et al. 1991; Lomeli, Mosbacher et al. 1994; Seeburg 1996; Swanson, 
Feldmeyer  et  al.  1996).  In  the  region  called  ‘flip/flop’  one  of  the  two  modules  is 
encoded via alternative splicing (Sommer, Keinanen et al. 1990). The “flip” version 
desensitizes at least 4-fold slower than the “flop” version (Mosbacher, Schoepfer et al.   7
1994).  Also  flip  and  flop  variants  respond  differently  to  desensitization  blockers: 
cyclothiazide is only effective with “flip” and CX614 is only effective with “flop” 
(Partin, Fleck et al. 1996; Jin, Clark et al. 2005). Flip/flop is part of S1S2 domain, and 
thus it is important to be aware of the differences between the two variants when 
reading  literature  concerning  function  of  the  intact  receptors  and  structure  of  their 
ligand  binding  domains.  Note  that  the  S1S2  construct  used  for  most,  if  not  all, 
crystallography studies of GluR2 is a “flop” variant (Armstrong and Gouaux 2000). 
That is also the construct that was used for the present work, because of its superior 
stability. 
Partial agonists present particular interest for understanding the function of GluR2. 
Single  channel  recordings  revealed  that  GluR2  shows  at  least  three  levels  of 
conductance that are common for all agonists. The distribution of these conductance 
states  is,  however,  different  among  various  partial  agonists  and  also  distinguishes 
partial  from  full  agonists  (Jin,  Banke  et  al.  2003).  The  relative  occupations  of 
conductance  states  are  a  function  of  concentration  for  a  particular  ligand, 
demonstrating  mostly  that  a  ligand  molecule  must  be  bound  to  a  subunit  of  the 
receptor to allow that subunit to participate in the pore conductance. Partial agonists 
are characterized by the fact that even at saturating concentrations they cannot invoke 
the  same  average  levels  of  channel  conductance  as  full  agonists  can.  The  natural 
question  then  becomes:  what  in  the  pathway  between  ligand  binding  and  channel 
activation confers distinct efficacies to different partial agonists? 
One  group  of  compounds  was  especially  useful  in  elucidating  this  question. 
Halogenated derivatives of the natural compound willardiine were observed to have 
different  efficacies  in  electrophysiological  experiments.  Interestingly,  it  appears 
possible to characterize the channel function by a single number, termed ‘coupling 
efficiency’,  i.e.  the  probability  that  a  subunit  will  have  an  open  gate  while  ligand   8
molecule is bound (Jin, Banke et al. 2003). When crystal structures of S1S2 bound to 
different  willardiines  were  obtained,  it  was  observed  that  they  induced  different 
degrees of lobe closure: HW producing the most closed structures, and IW producing 
significantly more open structures. It was suggested that degree of lobe closure is the 
only factor determining the efficacy of a particular partial agonist.  
However,  for  BrW  and  IW  crystal  structures  were  obtained  both  in  the  presence 
(1MY3, 1MY4) and absence (1MQH, 1MQG) of zinc ions (Jin and Gouaux 2003). It 
was observed that the zinc crystal forms were a lot more closed than the corresponding 
non-zinc  forms.  For  that  reason  in  the  future  comparisons  only  non-zinc  forms  of 
halogenated willardiines were used (Jin, Banke et al. 2003; Jin and Gouaux 2003). 
Notice, that HW structure was obtained only in the presence of zinc (1MQJ) and was 
nevertheless used in the same comparison. The strong effect that Zn ions had on the 
crystal structures with partial agonists reveals the fact that the two lobes of S1S2 in the 
presence of partial agonists interact quite weakly and thus their mutual orientation is 
easily perturbed. In fact it has been shown that x-ray crystal structures of proteins 
containing  weakly  interacting  domains  can  differ  from  their  solution  structures 
measured using NMR (Skrynnikov, Goto et al. 2000). One explanation can be that 
protein molecules within a crystal are subjected to “crystal packing forces”, i.e. forces 
of  interaction  with  neighboring  molecules  fixed  in  particular  relative  orientations. 
Another  explanation  is  that  the  very  process  of  crystallization  selects  particular  – 
possibly even not the most populated – states of the ensemble of conformations that 
exists in solution. Chapter 2 of this dissertation describes work performed to clarify 
the  question  of  differences  in  lobe  closure  induced  by  different  willardiines  as 
observed in solution. 
Electrophysiological experiments have been and will continue to be truly instrumental 
to understanding the structure-function relationship for iGluRs. With single channel   9
recordings one is able to see on the most basic level the stochastic behavior of a single 
channel. With glutamate receptors, desensitization is usually blocked and very long 
recordings are made for a single channel. These recordings then need to be statistically 
analyzed and fit to a chosen kinetic model. While single channel recordings have led 
to the important realization that there is only a fixed small set of channel conductances 
that are common for all agonists (Jin, Banke et al. 2003), getting kinetic parameters of 
channel function is a lot more challenging. Indeed, the signal-to-noise ratio of these 
recordings is low, and the recordings are necessarily filtered, potentially preventing 
detection of events that are too short. Whole cell recordings, on the other hand, can be 
very  precise,  and  a  number  of  different  experiments  can  be  performed  leading  to 
quantitative extraction of interesting parameters of the receptors. Some of the more 
obvious measurements are those of the steady-state current under non-desensitizing 
conditions, and the plateau current under desensitizing conditions for different partial 
agonists (Jin, Banke et al. 2003) or mutants (Robert, Armstrong et al. 2005). These 
measurements are related to ligand efficacy and are the easiest to relate to results of 
single channel recordings (Jin, Banke et al. 2003). More intriguing and often much 
less intuitive are results obtained from measurements of rates of desensitization, time 
course of entry into desensitization, and time course of recovery from desensitization 
(the latter two are two-pulse experiments). Thanks to the high quality of experimental 
data it becomes possible to perform very precise fits of functional dependencies and, 
for example, observe deviations from simple exponential behavior (Robert and Howe 
2003; Robert, Armstrong et al. 2005). Interpretation of the several precisely measured 
rates relies on Monte-Carlo simulations based on kinetic models, ultimately yielding 
such numbers as forward and backward interconversion rates between various open, 
closed, and desensitized states, and rates of ligand binding and unbinding. It has been 
possible to interpret experimental results very well with sophisticated enough models   10
(Robert  and  Howe  2003;  Robert,  Armstrong  et  al.  2005),  but  unfortunately  these 
models contain a number of states that are difficult to interpret. Indeed, there is no 
kinetic model used at present that would explicitly take into account the idea that 
iGluRs act as dimers of dimers. Once this type of model is created, it would have a 
potential to lead us to a quantitative understanding of receptor function, potentially 
yielding such energetic parameters as stability of the dimer interface, stability of the 
desensitized state, and energy barriers between open-gate and closed-gate states of a 
subunit. 
In  conclusion,  major  advances  have  been  made  in  our  understanding  of  structure-
function  relationship  of ionotropic glutamate receptors in the past 10 years, and it 
seems  reasonable  to  expect  that  in  the  next  decade  we  might  reach  the  point  of 
integrating  all  existing  observations  into  one  all-encompassing  and  quantitative 
mechanistic model. The great practical value of this level of understanding will be that 
it would make it possible to predict action of new drug candidates based largely on 
theoretical considerations. 
   11
CHAPTER 2. APPLICATION OF RESIDUAL DIPOLAR COUPLINGS 
TO GLUR2 S1S2 
 
As mentioned in Chapter 1, the question of what distinguishes partial agonists from 
full  agonists,  and  what  makes  some  partial  agonists  weaker  than  others,  is  very 
important  for  our  understanding  of  the  structure-function  relationship  of  glutamate 
receptors. It was suggested that for AMPA receptors the efficacy of an agonist is fully 
determined  by  how  much  closure  it  can  induce  upon  complexing  with  the  ligand 
binding core. The evidence for this conclusion came from a series of crystal structures 
obtained for GluR2 S1S2 complexed to several halogenated willardiines (Jin, Banke et 
al. 2003; Jin and Gouaux 2003). However the degree of closure observed in the crystal 
structures obtained in presence and in absence of zinc, revealed potentially significant 
interference of the process of crystallization with the conformation of the protein.  
This  chapter  describes  work  directed  towards  observation  of  the  “true”  solution 
conformation  of  GluR2  S1S2  bound  to  different  ligands,  with  particular  focus  on 
willardiine  derivatives.  The  initial  inspiration  for  this  work  came  from  papers 
published  by  Kay’s  lab,  e.g.  (Skrynnikov,  Goto  et  al.  2000),  demonstrating  how 
special NMR restraints called residual dipolar couplings (RDCs), can be used to verify 
whether the mutual orientation of protein domains in a crystal structure is the same as 
that present in solution. Initial attempts to apply this method to S1S2 quickly led to 
recognition that the precision of lobe orientation afforded by this method would not be 
good enough to reliably compare conformations of S1S2 bound to different substituted 
willardiines. The cause of this problem was “structural noise” – insufficiently accurate 
orientation of amide bonds as derived from crystal structures.  
We hypothesized that if we could obtain a structure with decreased structural noise, 
based on measurements of RDCs in multiple alignment media (vide infra) for a single   12
agonist, glutamate, this structure might then show decreased structural noise for RDCs 
measured for other ligands, and that would afford a better precision of lobe closure 
determination.  A  specialized  refinement  protocol  was  developed,  and  refined 
structures were obtained based on NH RDCs measured in five alignment media. Our 
hypothesis held true, and we were able to determine very precisely how much more 
open S1S2 conformation was for different ligands compared to glutamate. 
RDCs were also used to determine relative populations of two conformations of a 
region that had been shown to participate in stabilizing the closed conformation of 
S1S2 (“flip region”).  
Our RDC-based results, and some additional NMR evidence, support the idea that the 
average degree of lobe closure is not the only determinant of agonist efficacy. Rather 
it  is  associated  with  how  stable  is  the  closed  conformation  of  the  ligand  binding 
domain induced by the particular agonist.  
 
INTRODUCTION TO RESIDUAL DIPOLAR COUPLINGS (RDCs) 
Dipolar couplings are strong through-space interactions between any two NMR-active 
nuclei.  For  two  nuclei  P  and  Q  fixed  in  space  the  dipolar  coupling  is  given  by 
(Abragam 1961): 
( ) [ ] ( ) [ ] 2 / 1 cos 3
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where  PQ r  is the distance between the atoms; q  is the angle that the vector PQ makes 
with the direction of the external magnetic field. The meanings of other symbols are: 
0 m ,  magnetic  permitivity  of  vacuum;  ￿,  reduced  Planck’s  constant;  Q P g g , , 
magnetogyric ratios of nuclei P and Q respectively. As an example, for amide bonds 
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In solution NMR, however, dipolar couplings average out to zero because of the fast 
isotropic tumbling of molecules. It was recognized that if a slight degree of anisotropy 
is  created  within  the  NMR  sample,  then  it  becomes  possible  to  observe  dipolar 
couplings in NMR spectra (Tolman, Flanagan et al. 1995; Tjandra, Grzesiek et al. 
1996). In order to preserve simplicity of the spectra it is desirable that the observed 
“residual dipolar couplings” be quite small, e.g. on the order of 20 Hz for NH RDCs. 
Consequently the degree of anisotropy that must be created in the sample should be on 
the order of 0.001. 
RDCs were first observed for proteins with non-zero magnetic susceptibility, which 
causes them to partially align in the magnetic field of an NMR spectrometer (Tolman, 
Flanagan et al. 1995; Tjandra, Omichinski et al. 1997). This magnetic alignment is too 
weak for most proteins, and there is no way to manipulate the degree of alignment 
when  only  one  NMR  spectrometer  is  available.  The  method  of  partial  alignment 
realized soon afterward involved using a dilute liquid crystalline medium that tends to 
align strongly in the external magnetic field (Tjandra and Bax 1997). In this case the 
degree of alignment could be easily manipulated by adjusting the concentration of the 
alignment medium. This type of alignment – “steric alignment” – results from the fact 
that the shape of the protein molecule deviates from perfectly spherical, so that the 
anisotropy  of  the  medium  can  affect  the  distribution  of  orientations of the protein 
molecules  in  solution.  Since  that  initial  development  a  great  number  of  liquid 
crystalline alignment media were shown to be useful for partial alignment (see Table 1 
in (Tolman and Ruan 2006) for a summary of properties of many alignment media). 
Some of them – e.g. the very popular Pf1 phage (Hansen, Mueller et al. 1998) – are 
charged,  inducing  “electrostatic  alignment”,  whereas  parameters  of  alignment  are 
strongly dependent on  the charge distribution within the particular protein, rather than 
its shape. Usually there is a balance between the steric and electrostatic modes of   14
alignment that can be shifted one way or the other by adjusting salt concentration in 
the sample. 
In  another  important  class  of  alignment  media  the  anisotropy  is  created  by 
mechanically stressing a gel matrix. Usually neutral stretched polyacrylamide gels are 
used (Chou, Gaemers et al. 2001; Ishii, Markus et al. 2001), however use of charged 
stretched gels has also been demonstrated (Ulmer, Ramirez et al. 2003; Cierpicki and 
Bushweller 2004). 
The most general expression for residual dipolar coupling between two nuclei in an 
arbitrarily chosen reference frame fixed relative to the molecule is given by (Losonczi, 
Andrec et al. 1999; Tolman, Al-Hashimi et al. 2001) 
 
 
where  ij S  are elements of the order tensor (or “alignment tensor”), 
PQ S  is the order 
parameter characterizing the dynamics of the internuclear vector PQ ( 1 =
PQ S  when 
the structure is assumed to be perfectly rigid), 
PQ
i j  are the angles made by vector PQ 
with  the  axes  of  the  reference  frame.  The  order  tensor  is  a  3x3  traceless 
( 0 = + + zz yy xx S S S ) and symmetric ( ji ij S S = ) tensor. Consequently, it only has five 
independent elements. In the properly chosen reference frame where the order tensor 
becomes diagonal, called “principal frame” (where by definition  xx yy zz S S S > > ), 
the expression for an RDC can be written in a simpler form (Bax 2003) 
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the order tensor, characterizing deviation of the molecule from axial symmetry;  j q,  
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given alignment medium, while the order parameter 
PQ S  may be different for any 
couple of nuclei. For a more dynamic vector PQ the measured value of RDC will be 
smaller than would be predicted based on a static structure. For this reason it may be 
preferable to only use RDCs from vectors that are known not to be dynamic. In that 
case  the  small  differences  among  order  parameters  become  insignificant,  and  the 
average deviation of the order parameters from unity is absorbed into  a D . 
The alignment tensor for a given protein is not known a priori. Even when the 3D 
structure  of  the  protein  is  known,  it  is  still  currently  impossible  to  predict  the 
alignment  tensor  in  a  particular  medium  with  sufficient  accuracy.  The  software 
PALES can be used to calculate the alignment tensor from first principles based on the 
shape  and  charge  distribution  of  the  protein  (Zweckstetter  and  Bax  2000; 
Zweckstetter,  Hummer  et  al.  2004),  however  the  achieved  correlation  coefficients 
between  calculated  and  experimental  RDCs  are  rarely  or  never  better  than  0.9. 
Nevertheless, PALES can be useful for distinguishing monomeric from multimeric 
structures and evaluating multiple conformer models for flexible proteins. 
 
Measuring RDCs 
In typical NMR experiments RDCs behave as scalar couplings; that is, if two nuclei 
experience scalar coupling JAB and residual dipolar coupling DAB, then in experiments 
they will exhibit an “effective” coupling JAB=JAB+DAB. For this reason measurement 
of RDCs always includes two steps: 1) measurement of the effective couplings in the 
absence  of  alignment  (JAB=JAB),  2)  measurement  of  the  effective  couplings  in  the 
presence  of  alignment.  The  RDCs  are  then  determined  as  the  differences  in  the 
effective couplings measured in the two steps. 
There are two main ways of encoding the effective coupling into spectra. The first, 
and the most popular way, is to encode them into the positions of peaks (Ottiger,   16
Delaglio et al. 1998; Yang, Tolman et al. 1998). Recording spectra without refocusing 
of particular scalar couplings and/or without decoupling of the involved nuclei results 
in corresponding peaks’ positions being adjusted by amounts proportional to effective 
couplings. For example, NH RDCs can be determined from nitrogen HSQC spectra. 
For a small protein when there is very little crowding of peaks, a single spectrum can 
be  collected  without  hydrogen  decoupling  that  will  show  two  peaks  per  amide 
hydrogen  separated  by  effective  coupling  in  the  nitrogen  dimension.  For  larger 
proteins this method becomes inapplicable because of the resulting overlap of multiple 
peaks.  To  work  around  this  problem  two  spectra  are  collected,  where  using 
appropriate phase cycling only a single component of the doublet is selected for each 
amide  hydrogen.  One  of  these  components  is  the  slow  relaxing  TROSY  peak 
(Pervushin, Riek et al. 1997), while the other is anti-TROSY. Consequently, for even 
larger proteins, broadening of the anti-TROSY peak starts to present a problem. To 
fight this problem, experiments were developed that use TROSY effect as much as 
possible,  creating  a  mixture  of  TROSY  and  anti-TROSY  components  that  has 
favorable relaxation properties and that results in a peak shifted from the pure TROSY 
peak by an amount proportional to the effective coupling (Yang, Venters et al. 1999; 
Tugarinov and Kay 2003). 
Another method of measuring RDCs involves modulation of intensities of peaks by 
some function of the effective coupling (Tjandra, Grzesiek et al. 1996; McFeeters, 
Fowler et al. 2005). Experiments of this type can provide better precision of RDC 
determination, because they eliminate the need for pinpointing the precise positions of 
peaks,  which  is  problematic  for  peaks  significantly  broadened  by  relaxation. 
Depending  on  the  size  of  a  particular  protein  and  the  RDCs  of  interest  these 
experiments may also require shorter experimental times. One clear downside of this   17
method is that data processing is rather complicated, but clearly in some cases this 
investment of extra effort may be very well worthwhile. 
 
Use of RDCs 
There  are  several  major  applications of RDCs. First, RDCs can be used as strong 
constraints  for  protein  structure  calculations,  when  there  is  no  prior  knowledge  of 
protein  structure.  Second,  they  are  applicable  for  determination  or  verification  of 
angles  between  parts  (e.g.  domains  or  secondary  structure  elements)  of  a  known 
structure. Third, RDCs can be used for extraction of dynamics information about a 
protein. 
As pointed out above, the fact that the alignment tensor is not known a priori presents 
the  most  general  problem  for  use  of  RDCs.  When  one  possesses  some  prior 
knowledge of structure, the alignment tensor can be estimated fairly easily by fitting 
the  experimental  RDCs  to  the  structure  (see  in  more  detail  below).  However,  the 
presence  of  deviations  of  the  structure  from  the  true  average  solution  structure  – 
“structural noise” – can result in substantially erroneous calculation of the alignment 
tensor.  For  example,  structural  noise  leads  to  systematic  underestimation  of  the 
magnitude of the alignment tensor (Tolman, Al-Hashimi et al. 2001). If one accepts 
this value as true and keeps it fixed throughout a structure refinement protocol, while 
allowing the rhombicity and axes of the tensor to float, the resulting structure can be 
strongly biased away from the true structure. Fixing the magnitude of the alignment 
tensor even at a slightly incorrect value can have a much stronger relative effect on the 
determined  rhombicity,  and  especially  on  the  axes  of  the  tensor.  When  no  prior 
information about structure is available, it is still possible to obtain some information 
about  the  alignment  tensor.  As  described  in  (Clore,  Gronenborn  et  al.  1998),  the 
minimal  RDC  value  that  can  be  measured  for  a  particular  alignment  is  given  by   18
( ) R Da 5 . 1 1 min + - = d , and maximal RDC value is given by  a D 2 max = d . While it is 
likely that values very close to the minimal RDC would be observed, it is unlikely to 
observe the maximal RDCs. Consequently, it is impossible to reliably calculate the 
rhombicity based on the maximal and minimal values of the experimentally observed 
RDCs. The proposed solution is to roughly estimate the rhombicity and proceed with 
structure refinement, and then select the rhombicity that gives the refined structure 
with lowest energy (Clore, Gronenborn et al. 1998). The method described in (Clore, 
Gronenborn  et  al.  1998)  involves  measuring  multiple  types  of  RDCs  in  the  same 
alignment medium to improve coverage of directions of internuclear vectors, and then 
inspecting  the  histograms  of  RDC  values  to  directly  extract  the  magnitude  and 
rhombicity of the alignment tensor. 
An interesting use of RDCs involves analyzing their values for sequential residues in 
order to deduce some properties of secondary structure. It was recognized that since 
secondary  structure  elements  such  as  helices  and  beta-strands  possess  spatial 
periodicity then some periodicity must be present in the values of RDCs measured for 
residues corresponding to these structure elements (Mascioni and Veglia 2003). It was 
shown that this periodicity of RDCs can be useful for recognizing properties of helices 
within membrane proteins, such as whether they may contain kinks or show some 
curvature (Mesleh, Lee et al. 2003). These early works used NH RDCs for deducing 
periodicity, however it can be very hard to see any periodicity just by looking at RDC 
values,  and  rather  complicated  fitting  procedures  must  be  used;  consequently  the 
impact of experimental errors can also be significant. Later a more comprehensive 
theoretical framework for analyzing these “dipolar waves” was developed, that was 
based on measuring several types of RDCs in order to better sample the waves (Walsh 
and Wang 2005). 
   19
Orienting parts of a structure 
Ideally, knowledge of RDCs for 5 internuclear vectors is enough to completely define 
the corresponding alignment tensor. This of course implies that the relative directions 
of these vectors and the values of RDCs are known with high precision; otherwise the 
errors in determination of the alignment tensor can be very large. Another, perhaps 
more important, requirement is that the 5 vectors have to be pointing in substantially 
different directions. For example, it is possible to measure 5 RDCs per peptide plane, 
but all the corresponding internuclear vectors lie in the same plane so there is not 
enough information to calculate the alignment tensor for the peptide plane. However, 
if common magnitude and rhombicity are assumed for the alignment tensors of all 
peptide planes then the relative orientations of single peptide planes may indeed be 
possible to calculate (Mueller, Choy et al. 2000). More commonly RDCs have been 
used to orient whole protein domains, or perhaps secondary structure elements, with 
respect to each other. A lot of work on domain orientation using RDCs was done in 
Lewis Kay’s lab, covering 19 kDa T4 lysozyme (Goto, Skrynnikov et al. 2001), 41 
kDa maltodextrin-binding protein (Skrynnikov, Goto et al. 2000; Evenas, Tugarinov et 
al. 2001), and 81.4 kDa malate synthase G (Tugarinov and Kay 2003). RDCs were 
also used for elucidation of quaternary structure of multimeric proteins (Bewley and 
Clore  2000;  Lukin,  Kontaxis  et  al.  2003),  and  for  docking  of  protein-protein 
complexes (Clore and Schwieters 2003). 
The  philosophy  is  usually  to  acquire  as  many  RDCs as possible and use them all 
simultaneously to decrease the effects of experimental errors and/or structural noise. 
Here again it is important to remember that RDCs carry the most information if the 
corresponding vectors point in substantially different directions. Consider an a-helix 
or a b-strand: in both cases NH vectors of all residues point almost exactly along the 
same line, making the information contents of NH RDCs quite poor. A theoretical   20
basis for characterizing quality of sampling of space by vectors, as applied to proteins, 
was  given  in  (Fushman,  Ghose  et  al.  2000).  As  described,  for  a given set of unit 
vectors one can construct a traceless, symmetric tensor of rank 2 called a ‘sampling 
tensor’. Based on the components of the tensor, a number of interesting parameters 
can be derived: best and worst sampled directions, ‘generalized sampling parameter’, 
that is 0 for perfectly uniform distribution and 1 when all vectors point in the same 
direction, and ‘generalized quality factor’ that shows how efficiently a given set of 
vectors  samples  all  the  elements  of  the  alignment  tensor.  Authors  applied  this 
formalism to a large set of different structures from the Protein Data Bank to find out 
which  types  of  RDCs  tend  to  provide  the  best  sampling  of  (predicted)  alignment 
tensors. They found that NH RDCs are best used in combination with NC’ RDCs, and 






In order to use RDCs for any kind of structure refinement, one needs to have a way of 
estimating the alignment tensor, and computing the chi-squared deviation between the 
experimental and predicted RDCs. The most straightforward way of doing that is to 
apply multiple variable (5 independent variables) fitting. The problem is that if there is 
a  significant  amount  of  experimental  or  structural  noise,  the  fitting  procedure  can 
encounter  multiple  minima.  So  multiple  runs  must  be  done  with  different  starting 
variable  values.  That  adds  time  to  the  already  quite  computationally  intensive 
procedure of multiple variable minimization. A much faster method, referred to as the 
“SVD method”, was proposed in (Losonczi, Andrec et al. 1999). This method uses a 
specially set up matrix and singular value decomposition to solve the corresponding 
matrix equation: 





where (nix, niy, niz) are the directional cosines of the ith internuclear vector, and Di is 
the RDC value corresponding to the same vector. The result of SVD calculation is the 
5  independent  components  of  the  alignment  tensor  Sij,  that  can  then  be  used  to 
calculate the magnitude, rhombicity, and the principal axes of the alignment tensor. 
Notice that multiple types of RDCs can be used in the same calculation, if they are all 
scaled to correspond to the same type (for example C’-H
N RDC would have to be 
multiplied by approximately 3 to match N-H
N RDC in magnitude). 
SVD  method  doesn’t  require  any  fitting  procedures,  and  functions  purely  through 
algebraic manipulations on the matrix to invert it. It is also known that SVD method 
results in the least chi-squared deviation between predicted and experimental RDCs, 
i.e. it minimizes the sum 
2
, , ) ( ￿ - calc i pred i D D . To determine the uncertainties in the 
calculation of the alignment tensor due to structural or experimental noise, one has to 
resort to Monte-Carlo style introduction of noise into the values of directional cosines 
and experimental RDCs, with subsequent statistical analysis of the calculated tensors. 
Use  of  SVD  for  relative  orientation  of  two  rigid  domains  within  a  protein  was 
demonstrated in the original paper (Losonczi, Andrec et al. 1999). The idea was that 
alignment  tensors  could  be  calculated  independently  for  the  two  domains.  If  the 
domains are oriented rigidly enough with respect to each other then RDCs for the 
whole protein can be described using a single alignment tensor. Thus, if the tensors 
calculated for the two domains have basically the same magnitudes and rhombicities 
but different principal axes, then the domains should be reoriented so that the principal 
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2000). Note however, that RDCs remain the same if a domain is rotated by 180° about 
the x, y, or z axis (Bruschweiler, Liao et al. 1995), so to properly position domains 
within a protein one must have some initial idea of their relative positioning. This can 
be  gained  from  existing  x-ray  structures,  or  some  knowledge  of  interdomain 
interactions. 
A case where the alignment tensors calculated for two domains within a protein were 
dramatically  different  is  described  in  (Fischer,  Losonczi  et  al.  1999).  The  authors 
observed that for a certain composition of the used alignment medium the magnitudes 
of alignment tensors calculated for the two domains were very different. This was 
explained by the possibility that one of the domains was sticking to the alignment 
medium producing especially strong RDCs – in effect, the domains were orienting 
independently. Such a case is something that one would want to avoid when the target 
of work is determination of true relative orientation of domains in solution.  
Here  we  approach  a  problem  presented  by  use  of  the  SVD  method.  What  if  the 
magnitudes  and  rhombicities  of  the  alignment  tensors  calculated  for  the  different 
domains  are  only  slightly  different?  Does  that  have  any  real  meaning,  or  is  it  an 
artifact of the method? There are possible physical explanations for this result. Perhaps 
one domain is on average more flexible than the other; then the RDCs for it would be 
decreased  by  a  more  substantial  amount  because  of  the  smaller  average  order 
parameter. Or there is a relative motion of the domains with respect to each other, and 
one of them wobbles faster because it is smaller. Or one domain interacts with the 
alignment medium stronger than the other, but not by much. While all of these are 
possible, it is hard to imagine how one might be able to distinguish among them, or, 
most importantly, distinguish them from the following obvious artifact of the SVD 
method.  Presence  of  structural  and  experimental  noise  almost  guarantees  that  the 
calculated alignment tensors for the different domains will be slightly different, and   23
much more so the fewer RDCs are available. For example, in (Skrynnikov, Goto et al. 
2000)  it was observed that if fewer than 50 RDCs are available per domain, then 
effects  of  structural  noise  on  the  precision  of  orientation  of  two  domains  become 
severe. While one would like to use all the available RDCs for the whole protein 
simultaneously to achieve the most precise determination of the alignment tensor that 
characterizes the whole protein, with the SVD method one is limited to using fewer 
RDCs for each domain to try to get to the same alignment tensor, obviously with 
poorer precision. The only conceivable solution to this problem is to first use SVD to 
estimate the relative orientation of domains, and then proceed with optimization of 
that  angle  applying  SVD  method  to  the  complete  protein to quickly calculate chi-
squared for each tested orientation. Of course this defies the purpose of SVD method 
somewhat, introducing the time-consuming element of optimization. 
A powerful and very general matrix treatment of structure refinement based on RDCs 
measured in multiple media was described in (Tolman 2002). The paper presents very 
careful linear algebraic considerations that need not be presented here in detail, but a 
few  key  concepts  and  insights  deserve  mentioning.  The  main  matrix  equation 
connecting structural information, alignment tensors, and RDCs can be written as: 
D = KBA, 
where K characterizes the magnitude of dipolar coupling interactions; D is an N x M 
matrix formed from RDCs measured in M alignment media for N internuclear vectors; 
A is 5 x M matrix, whose columns represent the alignment tensors for each of the M 
alignments; B is N x 5 matrix, whose rows represent orientations of each of the N 
internuclear vectors, in a manner similar to that used in SVD method described earlier. 
The first important conclusion is that there can be no more than 5 independent media, 
because of the properties of RDCs. In that case, matrix D has rank 5, and contains full 
information about the structure, including average orientations of internuclear vectors   24
and their motional characteristics on the time scales extending from ps to ms. The 
paper describes a procedure that can be used for calculation of matrix B based purely 
on matrix D of rank 5. This procedure is, however, quite sophisticated and involves 
separate minimization steps. The method is affected by experimental errors in RDCs; 
generally speaking, measurements in alignment media beyond the 5 independent ones 
would  serve  to  improve  precision  and  accuracy  of  structure  calculations. 
Determination of the number of independent media covered by the measured RDCs is 
achieved by performing singular value decomposition of matrix D and analyzing the 
resulting singular values. If only L independent media are covered, then the L largest 
singular values will be substantially larger than the other M-L. The paper also shows 
that one can refine an approximate structure when data from fewer than 5 media are 
available. Knowledge of RDCs from 3 independent media allows for simultaneous 
refinement  of  the  average  structure  and  calculation  of  motional  parameters.  This 
refinement is achieved purely through matrix manipulations. It is observed that the 
refinement procedure results in consistent improvement of accuracy of the average 
structure, weakly dependent on the quality of the starting structure; but the calculated 
values of order parameters are strongly affected by the quality of the starting structure. 
Although the approach to structure refinement described above (Tolman 2002) can be 
potentially useful, it suffers the same problem as the SVD method (Losonczi, Andrec 
et al. 1999) in application to multidomain proteins – namely that the optimization of 
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EXPERIMENTAL: PREPARATION OF ALIGNMENT MEDIA 
Some general considerations 
All  the  liquid  crystalline  media  that  were  used  for  this  work  contained  two 
components. It was observed that the properly aligning state of the mixture is very 
sensitive to the ratio of the two components. For that reason, preparation of these 
media  involves  addition  of  one  component  to  the  other  in  small  fractions  while 
observing the appearance of the mixture. Sometimes it was very difficult to judge 
purely from appearance whether the particular mixture would show alignment when 
placed  into  an  NMR  spectrometer.  In  those  situations  it  was  necessary  to  test  for 
alignment by looking at deuterium signal splitting, and adding one of the components 
if necessary, to obtain the expected degree of splitting. It is important to remember 
that  if  too  much  of  the  second  component  was  added  (as  judged  by  “wrong” 
appearance)  it  is  always  possible  to  make  the  mixture  work  by  adding  some 
concentrated solution of the first component. One of the clearest signs that the mixture 
is unstable is “silvery” appearance, which indicates that phase separation is taking 
place. 
It  was  observed  that  the  deuterium  splitting  measured  in  different  media  does  not 
directly correlate with how strongly a protein gets aligned in those media. For that 
reason it is important to have an idea about what degree of deuterium splitting should 
be  expected  for  each  medium.  This  information  can  usually  be  found  in  papers 
describing a particular medium. Otherwise, the desired splitting can be found by doing 
some initial testing with ubiquitin. For neutral media, the shape of a given protein 
dominates  the  degree  of  alignment.  We  established  that  for  identical  deuterium 
splitting in neutral media the magnitude of the resulting alignment tensor for GluR2 
S1S2 is ~2 times larger than that for ubiquitin. This ratio could then reliably be used   26
for any new neutral alignment medium to find the desired deuterium splitting based on 
the magnitude of the alignment tensor observed for ubiquitin. 
 
Alkyl-PEG/alcohol media 
This  class  of  media  is  described  in  (Ruckert  and  Otting  2000).  We  tested 
C8E5/octanol, C12E5/hexanol, and C12E6/hexanol with ubiquitin to see if they could 
serve as independent alignment media. It was found that the resulting RDCs were 
almost perfectly correlated among all these media. We chose to do our experiments in 
C12E5/hexanol because C12E5 seemed to be easier to handle than C12E6 (although 
both  are  highly  hygroscopic  solids).  C8E5  is  a  liquid,  and  is  easy  to  handle,  but 
according to the paper C8E5/octanol is only stable below 24 °C, while our preferred 
temperature was 25 °C. 
Following is the procedure for preparing an aligned NMR sample. First, 15% wt/v 
stock of C12E5/hexanol was prepared by dissolving 30 mg of C12E5 in 200 ml of 
NMR buffer and adding approximately 6 ml of hexanol. Hexanol was added in 1 ml 
aliquots and mixture vortexed after each addition. Before any hexanol is added the 
solution is colorless, transparent and very viscous. After about 3 additions the solution 
becomes  milky  and  a  lot  less  viscous.  After  about  2  more  additions  the  solution 
becomes  transparent,  slightly  opalescent  bluish,  and  very viscous again. One more 
addition  decreases  the  viscosity  substantially  without  changing  the  color  and 
transparency.  The  second  step  is  to  use  the  stock  solution  to  prepare  an  aligned 
sample. Typically, we took 70 ml of the stock solution and added 140 ml of protein 
solution in NMR buffer in 7 steps of 20 ml each. After each addition the solution was 
vortexed. If after any addition the resulting mix looked slightly opaque, hexanol was 
added in 0.1 ml aliquots to render the solution transparent.   27
The resulting aligned sample was 5% wt/v of C12E5/hexanol, and showed a typical 
deuterium splitting of 15 Hz. The corresponding magnitude of the alignment tensor for 
S1S2 bound to glutamate was around 14 Hz. We found C12E5/hexanol medium to be 
easiest to make and to yield the best spectra, probably reflecting the high homogeneity 
of  the  medium.  The  medium  acquires  full  alignment  in  the  magnetic  field  very 
quickly, and this alignment is very stable. 
 
Neutral stressed gel 
Stressed gel samples were prepared using a kit from New Era described in (Chou, 
Gaemers  et  al.  2001).  Complementary  information  about  using  stressed 
polyacrylamide gels for protein alignment is contained in (Ishii, Markus et al. 2001). 
One  interesting  fact  to  note  is  that  the  degree  of  alignment  produced  by  a  gel  is 
roughly proportional to the square of the acrylamide concentration, while for most 
liquid crystalline media this dependence is linear. Also, no alignment is achieved for 
gel concentrations below ~3%, presumably because of the low structural strength of 
the gel at such low concentrations.  
Following  are  several  recipes  for  different  acrylamide  concentrations  that  we  have 
tested. 
 
  6.5% gel  5.5% gel  4.5% gel 
30% wt/v acrylamide  0.433 ml  0.366 ml  0.3 ml 
2% wt/v bis-acrylamide  0.144 ml  0.122 ml  0.1 ml 
Phosphate buffer (0.25 M, pH 5.5)  0.4 ml  0.4 ml  0.4 ml 
10% wt/v APS  12 ml  12 ml  12 ml 
TEMED  6 ml  6 ml  6 ml 
water  1.02 ml  1.11 ml  1.2 ml 
Observed deuterium splitting  11 Hz  8.2 Hz  5.0 Hz   28
 
The prepared mixture was poured into the Teflon tube (that is part of the New Era kit) 
with the internal diameter of 6 mm. The ends of the tube were covered with parafilm, 
and the gel was allowed to polymerize overnight (sufficient polymerization time is 
extremely important). The resulting gel was cut to pieces of desired length, typically 
10 mm, corresponding to the final sample volume of 280 ml (8.5 mm for 240 ml). The 
pieces  were  extensively  soaked  in  distilled  water:  in  50  ml  of  water  for  3  hours, 
repeated  3  times.  They  were  then  moved  into  a  substantial  volume  (~30  ml)  of 
methanol. This resulted in water leaving the gel, and the gel shrinking and becoming 
opalescent white in appearance. The pieces of gel were then removed from methanol 
and placed into separate Eppendorf tubes (to avoid their sticking together). The open 
Eppendorf tubes were placed into a chemical hood overnight to allow for efficient 
evaporation of methanol from the gels. 
A gel aligned protein sample was prepared by soaking a dry piece of gel in a suitable 
amount of protein overnight (e.g. 320 ml of protein solution for a 280 ml gel). The 
soaking was done inside the same tube that was used for polymerization of the gel. 
The swollen gel was then loaded into an open-ended NMR tube using the New Era kit. 
In order for the gel to be loaded smoothly, the end of the NMR tube had to be treated 
with  Sigmacote  (Sigma-Aldrich).  The  magnitude  of the alignment tensor for S1S2 
bound to glutamate in a 4.5% gel was around 20 Hz. 
Samples  aligned  with  stressed  polyacrylamide  gels  can  be  prepared  very  reliably 
without  the  guesswork  and  extreme  care  necessary  with  liquid  crystalline  media. 
However,  we  observed  that  the  quality  of  spectra  obtained  with  gels  is  inferior 
compared to those obtained with C12E5/hexanol. The most likely explanation is that 
gel is a somewhat inhomogeneous environment, either because of slightly different   29




This medium is described in (Wang, Eberstadt et al. 1998). We found that DLPC is 
poorly soluble by itself, so in this case it was much more reasonable to prepare a 
concentrated  medium  by  dissolving  both  components  together.  It  was  possible  to 
prepare a 15% wt/v solution by dissolving 37.5 mg of DLPC and 7.8 mg of CHAPSO 
in 300 ml of NMR buffer and taking the mixture through several freeze-thaw cycles 
(thawing in hot water). It was necessary to add approximately 5 ml of 0.1 mg/ml of 
CHAPSO solution to obtain a rather transparent solution. 
An aligned protein sample with 5.5% DLPC/CHAPSO was prepared by diluting 88 ml 
of 15% stock with 152 ml of protein solution. The mixture was adjusted by adding a 
few  0.1  ml  aliquots  of  0.1  mg/ml  CHAPSO  solution  to  obtain  a  semi-transparent 
solution. Unfortunately, it seems almost impossible to obtain a perfectly transparent 
solution, perhaps because it takes some time for the components to mix together fully. 
This is also confirmed by our observation that it took a very significant time – as much 
as 16 hours – for a sample to reach a maximum of deuterium splitting. If too much 
CHAPSO  is  added,  the  solution  becomes  silvery  indicating  phase  separation.  It  is 
possible to take it back to the correct composition by adding more DLPC, but that is 
rather painful because DLPC is basically insoluble and consequently has to be added 
in powder form with a lot of vortexing. A 5.5% sample gave deuterium splitting of ~4 
Hz  (after  stabilizing  for  many  hours),  and  the  corresponding  magnitude  of  the 
alignment tensor for S1S2 bound to glutamate was around 12 Hz. Considering the 
difficulty in preparing this alignment medium, C12E5/hexanol can be recognized as 
clearly superior.   30
Cetylpyridinium bromide/hexanol 
This medium is described in (Barrientos, Dolan et al. 2000). This medium is positively 
charged, which was preferred to negatively charged media because S1S2 is positively 
charged. That is, with negatively charged media there would be a great risk of the 
protein sticking to the media. We were not able to reproduce the recipe for preparing 
this media as described in the paper, however it turned out to be apparently easier to 
prepare it following the protocol similar to that for C12E5/hexanol. 
First, solution of 6.5% wt/v of CPBr in 500 ml of NMR buffer was prepared. Hexanol 
was then added in 2 ml aliquots and mixture vortexed after each addition. After 2 
additions  the  mixture  became  very  viscous.  After  5  more  additions  it  became 
opalescent and less viscous. After 7 more additions it became more viscous and less 
opalescent. After about 2 more additions the mixture became less viscous again. This 
state is extremely close to the correct composition, so that at slightly smaller amount 
of hexanol there is no alignment observed in magnetic field, while at slightly larger 
amount  of  hexanol  the  mixture  becomes  silvery  and  separates  into  two  phases. 
Deuterium splitting of around 50 Hz was observed for this concentrated alignment 
medium. 
In order to prepare an aligned sample, the stock solution of the alignment medium had 
to be diluted. As described in the paper (Barrientos, Dolan et al. 2000), however, the 
medium is not stable at concentrations below 3.2% wt/v. Consequently we prepared 
samples by two-fold dilution of the stock medium. It was observed that when NaBr 
concentration in NMR buffer was at 30 mM, S1S2 was aligning too strongly resulting 
in  poor  quality  spectra.  Since  the  alignment  in  this  medium  is  predominantly 
Coulombic,  we  decided  to  try  higher  salt  concentration  to  decrease  the  degree  of 
alignment. It was unclear how important for the media was use of NaBr as opposed to 
NaCl, because we could not observe any real difference in the behavior of the medium   31
when prepared with these two salts. We were able to prepare an aligned sample at 200 
mM NaCl and acquire RDCs for it. The process of sample preparation was, however, 
very difficult. It had been noted before that charged media get extra stability from the 
Coulombic interaction within the media, so that presence of extra salt in solution tends 
to make the media less stable. In case of the aligned CPBr/hexanol sample it was 
almost  impossible  to  judge  by  the  sample  appearance  whether  it  was  properly 
prepared. However, a sample with correct properties was greenish opalescent. It was 
necessary to test the sample for deuterium splitting after each adjustment. What made 
the process even more difficult was the fact that in many cases the sample would 
immediately show large deuterium splitting, which would then deteriorate on the time 
scale of minutes or tens of minutes. In the process of deterioration there would appear 
a  third  peak,  centered  midway  between  the  expected  two  peaks  in  the  deuterium 
spectrum.  That  third  peak  would  then  grow  with  time.  Presumably  this  reflects  a 
process of phase separation occurring in the sample. The sample composition had to 
be adjusted one way or the other using hexanol or a concentrated solution of CPBr 
added in 0.1 ml aliquots, to obtain a sample with stable deuterium splitting. Ultimately, 
a 3.2% sample with 200 mM NaCl gave deuterium splitting of only 5 Hz, and the 
corresponding magnitude of the alignment tensor for S1S2 bound to glutamate was 
around 25 Hz. 
 
Positively charged stressed gel 
Preparation of charged gels for alignment is described in (Ulmer, Ramirez et al. 2003). 
Again, positively charged gel was chosen to avoid the potential of S1S2 sticking to it. 
Positive  charge  of  the  gel  is  achieved  by  doping  with  diallyldimethylammonium 
chloride (DADMAC), a positively charged acrylamide derivative, that can participate   32
in  the  polymerization  process,  albeit  at  10  times  slower  rate  than  acrylamide. 
Following are two recipes for different gel concentrations. 
 
  5.5% gel  4% gel 
30% wt/v acrylamide  0.348 ml  0.253 ml 
2% wt/v bis-acrylamide  0.122 ml  0.089 ml 
20% wt/v DADMAC  0.625 ml  0.454 ml 
Phosphate buffer (0.25 M, pH 5.5)  0.4 ml  0.4 ml 
10% wt/v APS  12 ml  12 ml 
TEMED  6 ml  6 ml 
water  0.5 ml  0.79 ml 
Observed deuterium splitting  4.5 Hz  ~3 Hz 
 
The gels were polymerized and treated as described above for the neutral acrylamide 
gels. The only difference is that upon extensive dialysis of charged gels in water they 
drastically increased in size (2-3 fold) as a result of electrostatic repulsion within the 
gels. 
Testing of charged gels with ubiquitin showed that the resulting alignment has two 
components: steric and Coulombic; with the relative strengths of the two determined 
by the amount of salt present in the NMR buffer. Adding more salt shifts alignment 
closer  to  the  steric  mode.  We  acquired  RDC  for  S1S2  bound  to  glutamate  in  4% 
charged  gel  in  NMR  buffer  with  50  mM  NaCl.  The  resulting  magnitude  of  the 
alignment tensor was around 14 Hz; and judging from the fact that measured RDCs 
were  highly  correlated  with  those  measured  in  CPBr/hexanol,  the  alignment  was 
predominantly Coulombic. 
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APPLICATION OF A NOVEL REFINEMENT PROTOCOL TO GLUR2 S1S2 
Methods have been developed for refining the structure of a rigid globular protein 
using RDCs (Clore, Gronenborn et al. 1998; Clore, Starich et al. 1999; Mueller, Choy 
et al. 2000; Clore and Schwieters 2004). The major problem in the refinement process 
based on energy minimization is that theoretical RDCs are back calculated from the X-
ray structure using an alignment tensor whose parameters are not known a priori. The 
tensor can be estimated in the beginning and then some or all of its parameters fixed 
during refinement, but this can lead to bias in the refined structure resulting from a 
potentially erroneous initial estimate of the tensor. Alternatively, all the parameters of 
the alignment tensor can be adjusted simultaneously with structure refinement (Clore 
and Schwieters 2004). When data acquired in only one alignment medium is used, the 
alignment  tensor  tends  to  vary  between  calculated  structures  because  sufficient 
freedom  is  allowed  during  refinement  so  that  bond  vectors  can  adjust  to  fit  any 
alignment tensor sufficiently close to the true tensor. The refinement becomes much 
more  reliable  when  RDC  data  from  more  than  one  alignment  medium  are  used 
simultaneously  (Clore  and  Schwieters  2004).  In  this  case,  a  single  structure  must 
satisfy RDCs from different media, thus keeping the refinement procedure in check. 
However, the same approach cannot easily be applied when one needs to both refine 
local protein structure and reorient domains within the system. If the required domain 
rotation is sufficiently small, the structure can easily satisfy RDC data by small local 
structure  adjustments  instead  of  a  global  move.  Due  to  the  nature  of  a  typical 
refinement protocol the structure will first re-adjust locally and only then proceed to 
global movement if other structural restraints are violated by local re-adjustments. 
All experiments were performed on perdeuterated GluR2 S1S2, prepared as described 
in Appendix 2. For the purposes of refinement, measurements of NH RDCs for S1S2 
bound to the full agonist glutamate were performed in five different alignment media:   34
alkyl-PEG(C12E5)/hexanol  (Ruckert  and  Otting  2000),  DLPC/CHAPSO  (Wang, 
Eberstadt  et  al.  1998),  neutral  acrylamide  gel  (Ishii,  Markus  et  al.  2001), 
cetylpyridinium bromide/hexanol/NaBr (Barrientos, Dolan et al. 2000), and positively 
charged acrylamide gel (Ulmer, Ramirez et al. 2003). Figure 2 illustrates how NH 
RDCs were derived from comparison of nitrogen HSQC spectra of aligned and non-
aligned samples. The first three media are neutral and were expected to display a steric 
mechanism of alignment. Indeed, the RDCs measured in these media were strongly 
correlated. On the other hand, cetylpyridinium chloride/hexanol and charged gel are 
both  positively  charged  and  were  expected  to  display  a  Coulombic  mechanism  of 
alignment. RDCs were strongly correlated in these two media, but much more weakly 
correlated  with  the  three  neutral  media.  Correlation  coefficients  among  RDCs 
measured  in  different  media  are  shown  in  Table  1.  Use  of  negatively  charged 
alignment  media,  such  as  e.g.  Pf1  phage,  was  avoided  because  of  the  increased 
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Figure 2. Extraction of NH RDCs from HSQC spectra. 
(A) Gly141 peak in a non-aligned sample. (B) Gly141 in an aligned sample. 
Lower peaks are TROSY, and upper peaks are anti-TROSY. The spectra were 
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Table 1. Correlation coefficients among NH RDCs measured in five alignment media 
for S1S2 bound to glutamate 
  CPBr/hexanol  Charged gel  PEG/hexanol  DLPC/CHAPSO  Neutral gel 
CPBr/hexanol  1  0.950  0.761  0.558  0.819 
Charged gel  0.950  1  0.805  0.638  0.876 
PEG/hexanol  0.761  0.805  1  0.946  0.955 
DLPC/CHAPSO  0.558  0.638  0.946  1  0.898 
Neutral gel  0.819  0.876  0.955  0.898  1 
 
All  calculations  were  performed  in  the  molecular  structure  determination  package 
Xplor-NIH  incorporating  features  related  to  RDCs  (Schwieters,  Kuszewski  et  al. 
2003). As summarized in Figure 3, the protocol consists of three steps: (1) refinement 
of  the  structure  within  lobes  avoiding  global  reorientation,  (2)  reorientation  of  the 
refined domains maintaining the local structure, and (3) overall refinement at the level 
of the local structure. The starting structure for step 1 was a crystal structure, while the 
following  steps  used  the  best  final  structure  of  the  previous  step  as  their  starting 
structure.  Comparison  of  lobe  orientations  was  performed  using  the  DomainSelect 
feature  of  the  DynDom  website  (www.sys.uea.ac.uk/dyndom/)  (Hayward  and 
Berendsen  1998).  DomainSelect  calculates  the  total  angle  of  rotation  between  two 
given structures, and characterizes the axis of rotation (“screw axis”) by the angle 
relative to the line connecting centers of mass of two specified domains. DomainSelect 
also determines the percentage of closure motion, which can be used to define the 
angles of closure and twist included in the calculated total angle of rotation. Closure is 
defined as the rotation that brings centers of mass of the two domains closer, and twist 
as any rotation perpendicular to closure. 
   36
 
Figure 3. Overview of the refinement protocol. 
 
The first step of the refinement protocol was specifically targeted at achieving local 
refinement  while  avoiding  any  need  for  large-scale  motions.  One  of  the  most 
important assumptions when applying RDCs to structure refinement is that RDCs of 
the  whole  molecule  measured  in  one  medium  should  be  characterized  by  a  single 
alignment  tensor.  An  alignment  tensor  is  completely  defined  by  five  parameters: 
magnitude, rhombicity, and three angles giving the orientation of the tensor’s principal 
frame. Thus, ideally, alignment tensors calculated for any part of the structure, that 
properly reflects the solution structure, would have all five parameters identical. When 
mutual orientation of the lobes in the X-ray structure does not reflect the true solution 
structure  but  the  intralobe  structure  is  otherwise  correct,  the  difference  in  the 
orientation of the lobes will translate directly into the difference in the orientation of 
the  principle  frames  of  the  alignment  tensors  calculated  for  each  of  the  lobes 
separately, while the magnitudes and rhombicities of the tensors would ideally be the 
same. Thus, in the first step of refinement, two alignment tensors were introduced per 
medium, one for each lobe. When the alignment tensors were calculated based on the 
nonrefined  X-ray  structure,  the  resulting  magnitudes  and  rhombicities  for  the  two   37
lobes were different, likely as the consequence of structural noise and experimental 
uncertainties.  For  each  medium,  additional  restraining  potentials  were  added  to 
maintain  equal  magnitudes  and  rhombicities  of  the  tensors  for  the  two  lobes.  To 
maintain the overall fold within each lobe, a number of restraints on the distances 
between C
a atoms were introduced. For every pair of C
a’s separated by less than 15 Å 
an  NOE-like  restraint  was  created,  allowing  for  the  deviation  of  ±0.1  Å  from  the 
distance observed in the crystal. These rather tight restraints on the C
a’s were used 
because it was expected that most of the structural noise comes from the tilt of peptide 
planes in X-ray structures with respect to the average position in solution. Indeed, 
electron  density  data  by  itself  does  not  provide  sufficient  information  for  precise 
determination of dihedral angles in the process of calculation of an X-ray structure at 
the  typically  obtained  levels  of  resolution.  NOE-like  restraints  for  the  side  chain 
hydrogens  were  created  to  keep  the  side  chains  in  reasonable  orientations.  Also, 
dihedral restraints were added that were meant to keep dihedral angles within ±30º of 
those observed in the crystal structure. Only the RDCs measured for the best resolved 
peaks corresponding to well ordered residues (61 peaks for lobe 1 and 60 peaks for 
lobe  2)  were  used  in  the  calculations  in  order  to  prevent  deleterious  effects  of 
uncertain data on the calculation of the alignment tensors. Very high quality of fit to 
RDC data at the level of experimental errors could be achieved, demonstrating that the 
structure had enough freedom under the imposed restraints to accommodate required 
changes. 
The  refinement  protocol  used  a  “square”  potential  for  calculating  the  energy 
penalty for the deviation between the experimental and back-calculated RDCs; that is, 
no penalty was given for deviation within ±1 Hz and beyond that the potential was 
parabolic. This is a standard potential in Xplor-NIH, and the results for rms deviations 
and  R-factors  reported  below  were  taken  from  the  Xplor-NIH  output.  Use  of  a   38
parabolic  potential  is  justified  when  one  expects  a  Gaussian  distribution  of 
experimental  errors.  The  shapes  and  widths  of  NMR  peaks  in  our  case  were 
necessarily affected by inhomogeneity of the alignment media, which in turn affected 
the accuracy of detection of the true positions of peaks. At least to some extent one 
might  expect  a  systematic  difference  between  the  true  and  the  measured  peak 
positions.  Such  systematic  errors  would  not  be  characterized  by  a  Gaussian 
distribution, although the peak positions should be close to the true values, with very 
large deviations less likely. This behavior of data is more adequately reflected in a 
fitting  procedure  by  a  square  potential.  The  effect  of  the  local  refinement  on  the 
structure  was  quite  small.  Comparison  of  the  starting  and  the  best  final  structures 
showed 0.2 Å rms deviation between the C
a coordinates and 8º rms difference in the 
orientation of NH bonds. 
The  second  step  of  the  refinement  protocol  is  to  produce  global  relative 
reorientation of the lobes in the absence of any additional intralobe adjustments. Using 
the IVM module in Xplor-NIH (Schwieters and Clore 2001), the residues constituting 
each lobe were grouped together, preventing intralobe motions. Only one alignment 
tensor per alignment medium was introduced. The alignment tensors were optimized 
during the calculation. Final structures showed extremely close convergence so that it 
was in fact unnecessary to calculate more than one structure. To test the robustness of 
the  second  step, a number of structures were generated from a single structure by 
opening the lobes to varying extents (by as much as 30º) and performing the second 
step. The resulting structures were within 0.3º from each other, whether for refined or 
nonrefined structures, reflecting the fact that the calculation involves optimization of 
very few parameters, so that the minimum can be determined uniquely. 
The third step of the protocol would not be necessary in the ideal situation when RDC 
data from each medium separately would drive the lobes to reorient into precisely the   39
same position. For that to be the case, the difference in the orientations of the principal 
frames of the alignment tensors calculated for the two lobes individually would have 
to be precisely the same for data from each alignment medium. The orientations of 
alignment  tensors  relative  to  the  structure  are  determined  in  the  first  step  of  the 
protocol. However, in the first step we did not enforce the above condition for equal 
difference in orientations of tensors because of the difficulty of implementation in 
Xplor-NIH. As a result the reoriented structure of step two does not minimize RDC 
energy  for  each  alignment  medium,  but  rather  represents  a  consensus  orientation 
minimizing the total RDC energy. Thus, the purpose of step three is to refine the 
intralobe structure so that the final structure is as close as possible to minimizing the 
RDC energy for each medium. Step three was very similar to step one except that only 
one  tensor  per  medium  was  introduced  that  was  optimized  during  the  calculation. 
Table 2 lists some parameters of the alignment tensors and the quality of fit obtained 
for the refined structure for each medium, and compares them to the same parameters 
obtained from direct fitting of RDCs to the nonrefined structure. In a separate set of 
computational runs, step 2 was performed on the refined structure opened by 5°, while 
using RDC data from only one alignment medium at a time. The obtained structures 
were within 0.7° of the used refined structure, and even closer for the datasets with 
high rhombicity. 
To  verify  the  robustness  of  the  protocol,  we  began  from  several  available  crystal 
structures: 1FTJ (S1S2 bound to glutamate) chains A, B, C, 1FTM (S1S2 bound to 
AMPA) chains A, B, C and 1FW0 (S1S2 bound to kainate) (Armstrong and Gouaux 
2000). Intralobe C
a rms deviations among these structures are fairly large, upwards of 
0.75Å. The unexpected result was that the final structures show significant differences   40
Table 2. Comparison of the quality of fit (1FTJ Chain A is the starting structure) 
Nonrefined structure  Refined structure 
Medium 
Da, Hz  Rh  rms, Hz  Da, Hz  Rh  rms, Hz 
C12E5/hexanol  -12.02  0.454  3.40  -13.74  0.479  0.45 
Neutral gel  17.31  0.487  4.30  20.05  0.475  0.81 
DLPC/CHAPSO  -9.60  0.556  2.69  -11.76  0.479  0.48 
CPBr/hexanol  21.65  0.194  5.12  24.97  0.179  1.14 
Charged gel  11.68  0.190  3.79  14.21  0.205  1.11 
 
in the orientations of the lobes, ±2° from the average, which is similar to what we 
observed from directly reorienting the lobes of the crystal structures. However, the 
quality  of  fit  of  the  data  was  overwhelmingly  better  for  the  refined  structures,  as 
compared to the nonrefined structures – on the average 0.8 Hz vs. 3.5 Hz rmsd, or 
equivalently the R-factor (Clore and Garrett 1999) of 3.6% vs. 20.5%. We attribute 
this apparent inconsistency to the fact that our calculations relied on the orientations of 
the NH bonds, but there is no strict connection between the orientations of the NH 
bonds within a lobe and the positioning of the lobe as a rigid body. The distribution of 
a  set  of  bond  vectors  can  be  characterized  by  the  sampling  tensor,  which  in  turn 
provides such useful information as the “direction of best sampling” (direction along 
which  the  vectors  of  the  set  on  average  have  the  largest  component)  and  the 
rhombicity  of  the  distribution  (Fushman,  Ghose  et  al.  2000).  The  presence  of 
differences in the direction of best sampling between different crystal structures can 
reasonably be expected to bias the first step of our protocol, and this bias would then 
propagate through the rest of the protocol. These differences can also affect the results 
of lobe reorientation of nonrefined structures. We calculated the sampling tensors for 
each lobe of 25 appropriately overlaid crystal structures of S1S2 (Armstrong, Sun et   41
al. 1998; Armstrong and Gouaux 2000; Hogner, Kastrup et al. 2002; Jin, Banke et al. 
2003; Jin and Gouaux 2003; Jin, Clark et al. 2005; Nielsen, Pickering et al. 2005) 
using only the NH bonds for which we had RDC data, and compared the directions of 
best  sampling  for  each  lobe.  The  observed  differences  were  as  large  as  10°.  The 
differing vector distributions can be a limiting factor for obtaining a very accurate 
solution structure for a given ligand by reorienting domains of refined or nonrefined 
crystal structures. Further investigation into this question is required. However, we 
established that our refinement protocol leads to a great improvement in precision of 
comparison  of  domain  orientations  of  any  two  different  states  of  a  protein,  as 
discussed below. 
 
RESULTS: PRECISE DETERMINATION OF LOBE ORIENTATION 
The refined structure obtained using RDC data for glutamate-bound S1S2 could in 
principle  be  relevant  only  for  the  glutamate-bound  solution  structure.  However, 
considering the crystal structures of S1S2 in the presence of a variety of ligands, there 
was a reasonable expectation that the lobes of S1S2 might behave largely as rigid 
bodies. If that is the case, one could expect that a structure refined for one ligand 
would fit RDC data obtained with a different ligand better than a crystal structure 
would. To initially test this idea, we obtained RDC data in the alkyl-PEG/hexanol 
alignment medium (Ruckert and Otting 2000) for S1S2 bound to kainate, a partial 
agonist. The kainate-bound form was chosen because it displays very little internal 
dynamics  relative  to  other  partial  agonists  for  timescales  ranging  from  ps  to  ms 
(Fenwick  and  Oswald,  unpublished  data;  Ahmed,  Loh  et  al.  2007)  and  would  be 
expected  to  have  a  solution  conformation  similar  to  the  crystal  structure  (1FW0, 
(Armstrong and Gouaux 2000)). The alkyl-PEG/hexanol medium was chosen because 
it was expected to induce alignment with significant rhombicity, which would improve   42
precision  of  lobe  reorientation;  and  because  the  NMR  spectra  in  this  medium  are 
typically of higher quality for S1S2. 
Lobe reorientation was performed as described before for step 2. Only the data for NH 
bonds  that  were  previously  refined  were  used  in  calculations.  It  was  found  that, 
indeed,  NH  RDCs  for  kainate-bound  S1S2  fit  the  previously  refined  structures 
substantially better than they fit crystal structures of S1S2 bound to either kainate or 
glutamate. When starting from different crystal structures, the final rmsd was 2.61 Hz 
on  average  for  nonrefined  structures,  and  1.11  Hz  for  the  refined  structures, 
corresponding to the R-factors of 14.6% and 5.6% respectively. This fact supports the 
notion  that  glutamate  refined  structures  more  precisely  reflect  the  true  intralobe 
structure, than crystal structures do. Comparison of the glutamate-refined structures 
and their corresponding kainate-reoriented structures showed that the kainate-bound 
structure is 11.4±0.3º more open (10.9±0.2˚ along the closure axis and 3.1±0.5˚ along 
the twist axis (Hayward and Berendsen 1998)) than the glutamate-bound structure. 
That is as compared to 12.5±0.7º  (12.1±0.5˚ along the closure axis and 2.9±1.4˚ along 
the twist axis) when an analogous comparison is done to structures reoriented without 
refinement.  The  kainate-bound  crystal  structure  (1FW0)  in  comparison  to  three 
glutamate-bound crystal structures (1FTJ) is 10.7±1.1˚ more open (10.6±1.1˚ along the 
closure axis and 0.82±0.75˚ along the twist axis (Hayward and Berendsen 1998)).  
In the case of kainate, improvement in the precision of determination of relative lobe 
orientation  afforded  by  using  refined  structures  vs.  nonrefined  structures  was 
marginal. However, the fact that we observed some improvement as expected, gave us 
reason to proceed to experiments with willardiine derivatives. And with those ligands 
improvements were usually a lot more significant. 
A question that is important to address is what happens to the dynamic information 
present in the RDCs. The refinement scheme described here completely neglects the   43
dynamic information. This can be justified by the fact that only RDCs for well ordered 
residues  were  used  for  refinement.  Motional  averaging  for  ordered  residues shows 
itself  as a scaling factor common among these residues, which in our calculations 
would be absorbed into the magnitudes of the alignment tensors. Also, glutamate-, 
kainate-, and fluorowillardiine-bound forms of S1S2 are not expected to display large-
scale motions (Fenwick and Oswald, unpublished data; Ahmed, Loh et al. 2007), and 
fitting  to  a  single  static  model  was  expected  to  be  sufficient.  According  to  the 
observed quality of fits, the static model in our case was a good approximation. 
Seven willardiine derivatives were complexed with GluR2 S1S2 and NH RDCs were 
measured in PEG/hexanol alignment medium. Seven structures refined with glutamate 
RDCs (starting from crystal structures 1FTJ(A, B, C), 1FW0, 1FTM(A, B, C)) were 
used  to  calculate  relative  angle  of  lobe  opening  compared  to  glutamate-bound 
conformation  for  each  of  the  willardiine  derivatives.  Table  3  demonstrates  that 
glutamate  refined  structures  consistently  fit  RDC  data  measured  with  willardiines 
better than the corresponding non-refined structures did. Also note that quality of fit of 
RDC data measured for a particular ligand to the crystal structure of S1S2 complexed 
to that same ligand was never substantially better than quality of fit to any of the 
reference structures (fit was performed with lobe reorientation). This implies that the 
fit to crystal structures is poor not because of some differences in intralobe structure 
among different agonists, but simply because of the structural noise within the lobes. 
Table 4 shows that the calculated degree of lobe opening relative to glutamate was 
always more precise for refined structures than for non-refined structures.  
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Table 3. Comparison of the quality of fit for willardiine derivatives 
 
 
Table 4. Comparison of the degrees of lobe opening calculated for refined and non-
refined starting structures 
Ligand 
Lobe opening, degrees 
Calculated for refined 
Lobe opening, degrees 
Calculated for non-refined 
HW  3.85±0.43  4.33±2.38 
FW  3.85±0.77  4.62±2.64 
ClW  3.00±0.53  4.64±2.54 
NW  3.38±0.65  5.22±1.62 
BrW  4.86±0.71  7.45±3.61 
IW  5.30±1.47  6.90±3.23 
UBP277  16.63±0.57  20.44±1.14 
Refined  Non-refined 
Ligand 
rms, Hz  R-factor  rms, Hz  R-factor 
Improvement in 
R-factor, fold 
HW  1.52  5.3  4.27  17.3  3.26 
FW  0.69  3.7  2.85  17.0  4.66 
ClW  0.68  3.1  3.36  17.1  5.54 
NW  1.05  4.8  3.38  16.9  3.57 
BrW  1.12  6.0  2.88  16.8  2.81 
IW  0.95  5.1  2.74  16.6  3.30 
UBP277  1.21  6.8  2.80  18.2  2.67   45
RESULTS:  RELATIVE  POPULATIONS  OF  FLIPPED  AND  UNFLIPPED 
CONFORMATIONS 
Proteins often contain loops that may be so floppy as not to be observed using x-ray 
crystallography. In other cases the conformation of the loop may be fairly stable, and 
yet be greatly perturbed in the process of protein crystallization. RDCs can be used to 
determine the conformation of a loop, or derive information on the loop dynamics. 
This problem becomes fairly simple when one possesses knowledge of the stable well 
ordered part of the protein structure (not including loops). In this case it is possible to 
measure RDCs and calculate the alignment tensor(s) with fair accuracy based on the 
ordered part of the structure, and then apply this knowledge of the alignment tensor(s) 
to  clarify  the  structure  and/or  dynamics  of  the  loop  of  interest.  As  with  protein 
structure  determination  without  any  prior  knowledge  of  structure,  in  dealing  with 
loops it would be desirable to measure several types of RDCs in several alignment 
media. 
S1S2 contains a region whose conformation may be important for better understanding 
of binding properties of different ligands. This so called ‘flip region’ includes residues 
138-142 (650-654 in the intact receptor, see Appendix 1) and derives its name from 
the fact that the peptide plane between Asp139 and Ser140 is flipped 180° among 
different x-ray crystal structures. Leu138 and Ser142 directly interact with ligands. In 
‘flipped  conformation’  the  carbonyl  of  Ser140  forms  a  hydrogen  bond,  and  the 
carbonyl  of  Asp139  forms  a  water-mediated  hydrogen  bond  to  residues  in  lobe  1 
(Armstrong  and  Gouaux  2000);  see Figure 4. Thus, ‘flipped’ conformation can be 
expected to stabilize the more closed state of S1S2 induced by full agonists. And in 
fact, all three protomers in the asymmetric unit of AMPA bound structure display 
‘flipped’ conformation. In the glutamate bound structure one protomer shows ‘flipped 
conformation, another shows ‘unflipped’ conformation, and in the third protomer the   46
flip  region  is  poorly  defined,  probably  because  of  the  presence  of  multiple 
conformations. Most of the available structures of S1S2 can be classified as ‘flipped’ 
or  ‘unflipped’,  suggesting  that  for  S1S2  bound  to  most  ligands  there  exists  an 
ensemble of conformations of the flip region. It is, however, hardly possible to use 
crystal  structures  to  draw  any  quantitative  conclusions  about  preferences  for  the 
‘flipped’ conformation among different partial agonists. 
 
 
Figure 4. Two conformations of the ‘flip region’ 
 
In the case of attempting application of RDCs to the peptide flip region we were able 
to  formulate  the  question  in  very  narrow  terms:  Considering  that  for  ligands  of 
particular interest we only have NH RDCs from only one alignment medium, and 
assuming that the flip region has only two preferred conformations whose structures 
we know fairly well, can we calculate the fraction of time that flip region spends in 
‘flipped’  conformation?  We  know  that  flipped  and  unflipped  conformations 
interconvert fairly fast, since there was no doubling of peaks observed for the residues 
within the flip region. In this case we can expect the observed RDC for each residue to   47
be the weighted average of RDCs that it would have in the flipped and unflipped 
conformations: 
RDCmeasured = p× RDCflipped + 1- p ( )× RDCunflipped. 
The population fraction of the flipped conformation p is then given by 
( ) ( ) unflipped flipped unflipped measured RDC RDC RDC RDC p - - = . 
Here RDCs in the flipped and unflipped conformations could be predicted for each 
ligand based on the knowledge of alignment tensors for S1S2 bound to each ligand (as 
obtained  from  the  output  of  the  Xplor-NIH  script  for  pure  lobe  reorientation). 
Structure 1FTJ A was used as a reference unflipped structure, and 1FTJ C – as a 
reference flipped structure. In order to calculate predicted RDCs for a given ligand, 
lobe 2 of either reference structure was overlaid with lobe 2 of the reoriented structure 
for this ligand. This allowed for use of the previously calculated alignment tensors 
without need to adjust their axes. Glutamate structures could be used as references for 
all ligands because the degree of lobe closure in this case is unimportant. 
When  predicted  RDCs  were  compared  between  flipped  and  unflipped  structures  it 
became clear that only residues Ser140 and Gly141 show significantly different RDC 
values in the two conformations. Consequently values of p were calculated for these 
two residues separately for each ligand. The two p values could be used to verify 
applicability of our approach, i.e. if they were close to each other then the approach 
was deemed applicable. In case of kainate both resulting values were negative and 
rather large in absolute value, which didn’t make physical sense. This problem could 
be resolved by the observation that the flip region in available kainate bound structures 
(1FTK,  1FW0)  would  fall  under  the  definition of ‘unflipped’ conformation, but is 
somewhat different from the reference unflipped conformation. When the flip region 
from kainate crystal structures was used as the unflipped conformation, the resulting 
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predominantly  in  the  unflipped  conformation  when  S1S2  is  bound  to  kainate.  A 
similar problem occurred with UBP277 bound form, and was resolved in the same 
way by using the flip region conformation from the crystal structure of S1S2 bound to 
UBP277 (3H03, (Ahmed, Thompson et al. 2009)). 
Table 5 details the predicted and measured RDCs, and calculated values of p for every 
ligand. For kainate and UBP277 values for both the initial and the adjusted approach 
are shown (bold font used for the adjusted approach). Note that for glutamate it was 
not possible to measure RDC of Ser140 because of spectral overlap; and for IW the 
RDC of Gly141 was measured with increased uncertainty because of poorer spectrum 
quality. As a brief summary, after appropriate averaging of p values, the populations 
of the flipped conformation for different ligands are as follows: 89±5% for glutamate, 
52 ± 4% for HW, 48 ± 5% for FW, 46 ± 5% for ClW, 48 ± 6% for BrW, 34 ± 4% for 
NW, 28 ± 8% for IW, 35 ± 5% for UBP277 (error estimates are based on propagation 
of uncertainties assuming an experimental error of RDC measurement of 1 Hz). 
 
DISCUSSION 
Most effort of the work described in this chapter went to developing an RDC-based 
method that would allow for very precise determination of the degree of lobe closure. 
While it was found that it was not possible to significantly improve on the precision of 
calculation of the absolute degree of lobe closure, it was realized that difference in the 
degree of lobe closure between any two ligands could be determined with precision of 
typically better than ±0.75°. Full agonist glutamate was used as a reference, and the 
relative degree of closure was calculated for a number of ligands, in particular for a 
series of substituted willardiines. 
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Figure 5. Relationship between relative efficacy and degree of lobe opening for 
different agonist as determined from crystal structures and RDC-based structures 
 
We observed that the calculated degree of lobe opening was essentially the same for 
several agonists (HW, FW, ClW, NW), even though they have substantially different 
efficacy  in  electrophysiological  experiments  (Figure  5).  This observation speaks in 
favor  of  AMPA  receptors  being  similar  to  NMDA  receptors  in  what  might  cause 
differences in efficacies of agonists. Indeed, for NMDA receptors both partial and full 
agonists were observed to induce full lobe closure in crystal structures (Furukawa and 
Gouaux 2003; Inanobe, Furukawa et al. 2005), so that the stability of the closed state 
of the ligand binding domain is likely to determine the efficacy of a particular ligand. 
Electrophysiological  work  on  mutants  of  glutamate  receptors  from  Howe' s  lab 
(Robert, Armstrong et al. 2005; Zhang, Cho et al. 2008) rather clearly confirms that 
the stability of closed-lobe state can determine agonist efficacy. 
Accepting the hypothesis about decreased stability of the closed conformation, one 
might expect that for weaker agonists of the willardiine series (BrW and IW) S1S2 
would  be  more  floppy,  and  would  be  present  in  solution  in  an  ensemble  of   51
conformations  with  broader  distribution  of  degrees  of  lobe  closure.  One  potential 
confirmation of this idea comes from the fact that crystal structures with and without 
zinc for IW and BrW are quite different, and especially so for IW. Our RDC-based 
method assumes that the protein structure is static, but in principle experimentally 
measured RDCs are averages over the ensemble of conformations. Thus for a narrow 
distribution of degrees of closure we would expect the average structure to be well 
approximated by a static structure, so that our method would give a precise value of 
calculated  angle.  However,  if  the  distribution  is  fairly  broad,  then  it  will  not  be 
possible to fit average RDCs well to a single static structure. The relative degree of 
lobe closure that we found for IW has significantly lower precision compared to that 
for other ligands – this may result from a broader distribution of conformations for 
S1S2 bound to IW. 
Flipped  conformation  of  the  flip  region  is  stabilized  by  formation  of  additional 
interlobe  hydrogen  bonds,  which  is  only  possible  when  the  lobes  get  very  close 
together. Thus, distribution of conformations of the flip region between flipped and 
unflipped  forms  lands  additional  support  to  the  idea  that  S1S2-IW  has  a  broader 
distribution of degrees of lobe closure than for other ligands. Indeed, with IW the 
probability of the flipped conformation is only around 30%, while for HW, FW, ClW 
and BrW it is close to 50%. 
Observed behavior of the indole amide peak of W767 (lobe 1) that is hydrogen bonded 
to T707 (lobe 2) presents interest. The position of this peak shifts farther upfield for 
weaker  partial  agonists,  corresponding  to  the  hydrogen  bond  becoming  longer 
(Fenwick  and  Oswald  2008;  Maltsev,  Ahmed  et  al.  2008).  It  was  found  that  the 
intensity of this peak decreases with decreasing temperature much more dramatically 
for  IW  than  for  FW.  This  decrease  in  intensity  implies  higher  level  of  chemical 
exchange on microsecond to millisecond time scale for IW (Maltsev, Ahmed et al. 
2008), suggesting presence of slow, potentially large-scale, motions. 
In conclusion, a number of observations lead us to the hypothesis that a range of lobe 
orientations exists in solution, and this range is larger for weaker partial agonists in the 
willardiine series. The range is broader most likely as a consequence of lower stability   52
of the closed conformation of the ligand binding domain. It is not clear how exactly 
this broad distribution translates into lower population of higher conductance states. 
One  possibility  is  that  there  is  a  certain  minimum  amount  of  degree  closure  that 
triggers opening of the gate of the subunit. Weaker partial agonists can achieve that 
high degree of closure less frequently. An illustrative case could be kainate, which on 
average induces much smaller degree of closure than IW, and is correspondingly a 
much weaker partial agonist than IW. 
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CHAPTER 3. SIDE CHAIN DYNAMICS OF GLUR2 S1S2 
 
It is widely recognized that protein molecules are not rigid entities in solution, but 
exhibit  a  variety  of  motions.  Moreover,  these  motions  are  often  what  allows  the 
proteins  to  perform  their  respective  functions  in  the  living  cells.  Considering  the 
sensitivity  of  backbone  amide  groups  to  even  minute  structural  perturbations, they 
have served as one of the most important probes of protein dynamics. Experiments 
were created that allow measurements of protein dynamics anywhere from ps to ms 
time scales (Palmer 1997; Palmer, Kroenke et al. 2001; Mulder, Hon et al. 2002). 
Backbone  amide  dynamics  provide  a  wealth  of  useful  information;  however  these 
dynamics reflect on multiple processes happening simultaneously, which can make the 
resulting quantitative information exceedingly difficult to interpret.  
This chapter describes our work comparing dynamics of methyl groups of side chains 
of  GluR2  S1S2  bound  to  several  ligands:  glutamate,  AMPA,  fluorowillardiine, 
chlorowillardiine,  iodowillardiine,  kainate,  DNQX,  and  UBP282.  We  used  a 
specialized labeling strategy in this work (Goto, Gardner et al. 1999), where 
13C and 
1H  were  only  present  in  the  methyls  of  isoleucine,  leucine,  valine  side  chains  in 
otherwise  fully  deuterated  background  (except  for  exchangeable  amide  groups).  A 
particular interest in methyl groups stems from the fact that most of them are located 
in  hydrophobic  cores  within  a  protein.  These  cores  are  usually  the  key  structural 
determinants of soluble proteins, and it has been shown that hydrophobic cores often 
tighten or loosen upon protein binding to a ligand (Ishima, Louis et al. 2001; Loh, 
Pawley  et  al.  2001).  We  performed  two  types  of  experiments  for  each  ligand,  as 
detailed below: 1) spin-lock experiments directed at suppressing effects of chemical 
exchange and determining order parameters of methyl groups, characterizing motions 
on picosecond-nanosecond time scale; 2) CPMG experiments directed at detection and   54
characterization  of  chemical  exchange,  reflective  of  motions  occurring  on 
microsecond-millisecond time scale. Order parameters of methyl groups measured in 
spin-lock  experiments  were  used  to  compare  entropic  contributions  to  binding 
affinities  of  different  ligands.  Observation  of  motions  on  millisecond  time  scale 
provided information for more detailed understanding of the bound conformation and 
its rigidity for different ligands. 
 
MEASUREMENTS OF DYNAMICS BY NMR 
Longitudinal (R1) and transverse (R2) auto-relaxation rates, transverse cross-correlated 
cross-relaxation rates (hxy), and heteronuclear NOEs are all sensitive to “fast” (pico- to 
nanosecond  time  scale)  motions.  But  only  transverse  relaxation  R2  (or  R1r  in  the 
rotating frame) is sensitive to “slow” conformational exchange (micro- to millisecond 
time scale) (Palmer, Kroenke et al. 2001). Which time scales are observable within a 
particular experiment is usually determined by the chosen experimental parameters. A 
brief introduction into detection and analysis of molecular motions will be given here. 
These methods were initially developed for backbone amides and later extended to 
methyl carbons. Apart from fairly minor differences in experimental pulse sequences, 
the general ideas are the same for 
15N and 
13C based experiments. 
Two main experiments will be considered here: spin-lock and CPMG. In both cases 
transverse magnetization is created on carbon atom and remains there for a certain 
amount of time T while additional pulsing on carbon is performed; carbon chemical 
shift is then encoded, and magnetization is transferred to hydrogen for detection. Spin-
lock experiments involve applying a fixed low power spin-lock field w1 during the 
period  T.  In  CPMG  experiments  a  train  of  180°  carbon  pulses  equally  spaced  by 
2tCPMG  is  applied.  While  the  two  experiments  seem  drastically  different  it  was 
recognized that they are complementary, and a CPMG experiment with a given tCPMG   55
corresponds to a spin-lock experiment with effective field  CPMG t w / 3 1 =  (Ishima, 
Freedberg et al. 1999; Ishima and Torchia 1999; Mulder, van Tilborg et al. 1999). 
 
CPMG experiments 
Carr-Purcell-Meiboom-Gill  (CPMG)  experiments  that  were  initially  developed  for 
measurements  of  backbone  amide  dynamics,  were  subsequently  modified  for 
measurements of methyl dynamics either in CH3 (Mulder, Hon et al. 2002) or CHD2 
(Ishima,  Louis  et  al.  1999)  isotopomeric  configurations.  Measurements  of  slow 
dynamics that can yield information on relative populations of exchanging species, as 
well as rates of exchange, and chemical shift differences between the species can be 
obtained from relaxation dispersion experiments (Mulder, Hon et al. 2002). As pointed 
out  in  (Skrynnikov,  Mulder  et  al.  2001)  CPMG  measurements  of  CHD2  become 
problematic for effective rf-field strengths of below ~250 Hz, because in that case 
within the time between successive carbon 180° pulses there is an appreciable loss of 
magnetization through dipolar coupling to deuterons, and relatively fast relaxation of 
deuterons (»20 Hz and »12 s
-1 respectively (Ishima, Louis et al. 1999)). It can be 
shown that evolution from scalar coupling is completely refocused during a tCPMG-
180°-tCPMG element of CPMG pulse train (Mulder, Skrynnikov et al. 2001).  
In the simplest case relaxation data is analyzed using the model of two-site exchange. 







where populations of the two states are given by pa and pb (pa+pb=1), exchange rate 
constant is defined as  a b ex p k p k k k k 1 1 1 1 - - = = + = . 
A general expression for transverse relaxation rate constant as a function of separation 
of pulses in CPMG sequence tcp=2tCPMG is given by (Davis, Perlman et al. 1994; 
Ishima and Torchia 1999; Millet, Loria et al. 2000):   56
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dw is the chemical shift difference between the resonances of the states A and B, Ra 
and Rb are the transverse relaxation rates of states A and B in the absence of exchange 
(usually  assumed  to  be  equal).  One  can  characterize  exchange  by  considering  the 
exchange contribution to the transverse relaxation rate, as defined by 
( ) ( ) ( ) 0 2 2 ® - = cp cp cp ex R R R t t t . 
In the fast exchange limit,  1 >> dw ex k , the dependence of Rex on tcp is given by 
( ) ( ) ( ) [ ] cp ex cp ex ex b a cp ex k p p R t t t t dw t 2 tanh 2 1
1 2 - =
-  
according to (Ishima and Torchia 1999). The complexity of the general expression for 
R2 makes the form of the dependence of Rex on tcp unclear. However, in case of pa>>pb 
it was shown that the empirical expression 
( ) ( ) [ ]
2 1 4 4 2 2 2 144 cp a ex ex b a cp ex p k k p p R t dw dw t + + »  
approximates the general expression well for all time scales (Ishima and Torchia 1999; 
Millet, Loria et al. 2000). The case of pa>>pb is of particular interest because it is 
likely the most common case in nature, and even in slow exchange regime only a 
single peak may be observable for the resonance of interest in this case. 
Measurements at different field strengths allow one to separate pa and dw terms, as 
dn p dw × = 2  measured in units of Hz is directly proportional to the field strength 
(although it is constant in units of ppm). It is preferable to simultaneously fit data from 
different field strengths to a single model of exchange, to ensure the most reliable   57
recognition  of  the  correct  model  and  proper  extraction  of  exchange  parameters 
(Mulder, Skrynnikov et al. 2001). 
The  value  of  ( ) ¥ ® =
¥
cp ex ex R R t   shows  the  maximum  possible  contribution  of 
exchange into the transverse relaxation rate. The limiting values of 
¥
ex R  are 
              ex b ex k p R =
¥     for  0 ® dw ex k  (pa>>pb), 
ex b a ex k p p R
2 dw =
¥     for  ¥ ® dw ex k , 
according to (Millet, Loria et al. 2000). Dependence of 
¥
ex R  on the static field strength 
can be used to distinguish slow (kex<dw), intermediate (kex»dw), and fast exchange 
(kex>dw).  In  particular,  in  case  of  pa>>pb  it  was  shown  that  parameter 
dw a ln / ln d R d ex
¥ =  can be used to make that distinction (Millet, Loria et al. 2000). 
For slow exchange 0 £ a < 1, for intermediate a » 1, for fast exchange 1 < a £ 2. The 
same value of 
¥
ex R  can be observed in either slow or fast exchange (notice that 
¥
ex R  is 
maximal when kex=dw). Consequently, a single measured value of 
¥
ex R  cannot be used 
to evaluate the type of exchange. But two values of 
¥
ex R  measured at different field 
strengths can be used to calculate the parameter a, and reliably show whether the 
chemical exchange is slow or fast (Millet, Loria et al. 2000). Clearly, since the type of 
exchange is determined by the ratio kex/dw, the same residue can undergo slow or fast 
exchange  under  different  experimental  conditions.  Apart  from  manipulating  dw  by 
changing the static magnetic field, one can also change kex by changing the solution 
temperature (via Arrhenius equation). However, protein structure and dynamics can be 
very sensitive to temperature changes, so substate populations and even dw can be 
affected in potentially unpredictable ways. 
While relaxation data is usually analyzed using the two-site exchange model, some 
observations suggest that more than two states can be populated and contribute to 
relaxation:  cluster  analysis  of  exchange  rate  constants  (Evenas,  Malmendal  et  al. 
2001), dependence of chemical exchange on ligand concentration (Eisenmesser, Bosco   58
et  al.  2002),  and  anomalous  curve  fitting  (Tollinger,  Skrynnikov  et  al.  2001).  An 
extensive analysis of three-state chemical exchange was performed in (Grey, Wang et 
al. 2003) using basic pancreatic protein inhibitor as an example. A linear three-site 
exchange  model  was  considered,  and  it  was  shown  that  a  closed-form  analytical 
expression for Rex could be obtained in the fast exchange limit. When the rates of the 
two exchange pathways differ by at least an order of magnitude then the relaxation 
dispersion curve shows a distinct biphasic behavior. For sufficiently strong effective 
fields the dispersion profile can be described by using a two-state approximation for 
the  faster  process.  Measurements  at  two  static  field  strengths  and  three  different 
temperatures were performed to calculate all exchange rates and populations for the 
residues  showing  three-state  exchange  (Grey,  Wang  et  al.  2003).  While  only  the 
absolute value of Dw can be determined from relaxation experiments, the knowledge 
of the sign of Dw is desirable in order to allow for determination of structures of 
invisible states. The sign of DwN can be determined when the amide nitrogen is not in 
fast  exchange,  because  then  the  observed  amide  resonance  is  shifted  close  to  the 
position of the minor state in HSQC spectrum than in HMQC spectrum (Skrynnikov, 
Dahlquist  et  al.  2002).  This  approach  was  used  in  (Grey,  Wang  et  al.  2003)  to 
determine a novel structure of the isomerizing disulfide bond in BPTI.  
 
Spin-lock experiments 
In spin-lock experiments one measures the rotating frame relaxation rate constant R1r 
that is given by (Davis, Perlman et al. 1994; Akke and Palmer 1996): 




1 1 sin ) ( cos × + + = eff ex R R R R , 
in which  ) / arctan( 1 w w q D =  is the “tilt angle” between the directions of the reduced 
static  field  0 w w w - = D ,  and  the  effective  field 
2 2
1 w w w D + = e   in  the  rotating 
frame; w is the spin-lock rf frequency, w1 is the spin-lock field strength, w0 is the   59
population  averaged  chemical  shift;  R1  and  R2  are  the  longitudinal  and  transverse 
relaxation  rate  constants  respectively;  Rex  is  the  exchange  contribution  to  the 
transverse relaxation rate, and is a function of effective frequency of the spin-lock neff. 
Dependence of R1r on the spin-lock rf frequency makes it possible to measure R2+Rex 
very precisely for a fixed spin-lock strength by making measurements at several rf 
frequencies (Akke and Palmer 1996). There is another reason for doing experiments 
with spin-lock rf frequency significantly remote from the resonances of interest. If two 
substates undergoing exchange have significantly different chemical shifts and they 
are  close  to  the  spin-lock  frequency  then  they  may  have  substantially  different 
0 w w w - = D ,  resulting  in  different  tilt  angles  and,  consequently,  different  R2 
relaxation rates for the two substates; that would make the analysis of relaxation data 
more difficult because the chemical shifts of the substates are not known (Akke and 
Palmer 1996). For millisecond time scale motions Rex becomes negligible at spin-lock 
fields of several kilohertz (Ishima, Freedberg et al. 1999). Spin-lock experiments at 
effective  fields  of  a  few  hundred  hertz  become  problematic  because  then  the  “tilt 
angle” becomes too small, and contribution of the transverse relaxation rate into R1r 
diminishes to the point of being difficult to measure reliably. Consequently, in our 
work with side-chain dynamics, spin-lock experiments are intentionally performed at 
the quite high effective field of 2.4 kHz to get rid of the exchange contribution to R1r, 
such that the measurements would report only on fast dynamics of methyls (Tugarinov 
and Kay 2005). On the other hand, we detect the slow motions of side chains using 
CPMG experiments with effective fields as low as 110 Hz ( ( ) CPMG pt n 2 / 3 1 = ).   60
SIDE CHAIN METHYLS LABELING AND DYNAMICS 
An important alternative way of probing protein dynamics is by using methyl groups 
of side chains. The simplest way to obtain this information is using protein produced 
in bacteria grown in H2O with 
13C labeled glucose. This approach can only reasonably 
be applied to small proteins, thanks to their fast tumbling time and small amount of 
overlap in the carbon HSQC spectra, see e.g. (Loh, Pawley et al. 2001). Even for small 
proteins,  however,  the  relaxation  data  can  be  difficult  to  interpret  because  of  the 
presence of so many protons in the immediate vicinity of the carbon. In order to be 
able to measure methyl dynamics for larger proteins it was necessary to develop new 
labeling  strategies  that  would  allow  for  placing  hydrogenated  methyls  into  highly 
deuterated background. For a rather complete review of the methyl labeling strategies 
and their application to large proteins see e.g. (Tugarinov and Kay 2005). A brief 
summary will be attempted here. It was shown in (Rosen, Gardner et al. 1996) that 
growing of bacteria in D2O using [H, 
13C]-pyruvate as the sole carbon source leads to 
selective protonation of methyls of Ala, Leu, Val, and Ile(g2 only) in an otherwise 
deuterated background. The explanation of this labeling pattern was given based on 
the known biosynthetic pathways in bacteria. One of the problems with this labeling 
method is the fact that pyruvate slowly exchanges protons with the solvent such that 
the resulting protein contains methyls of all isotopomer types: CH3, CH2D, CHD2, 
CD3. Different isotopomers (except for CD3) of the same methyl position yield peaks 
with slightly different chemical shifts in carbon HSQC, positioned in a well-defined 
pattern. A special refocused INEPT sequence meant for selecting CHD2 peaks was 
shown to effectively suppress CH2D peaks, but not the CH3 peaks (Ishima, Louis et al. 
1999). A solution to that problem was to use partially deuterated pyruvate (Ishima, 
Louis et al. 2001), which would contain a significantly lower number of CH3 to begin 
with. We followed the labeling scheme described in (Ishima, Louis et al. 2001) to   61
prepare a sample of S1S2 and perform some initial relaxation experiments (Appendix 
6 describes how to prepare partially deuterated pyruvate). It was found, however, that 
the achieved yield of the protein was rather poor. In addition, in order to grow 1 L of 
bacterial culture one needs 4 grams of pyruvate labeled with 
13C in only one specific 
position, plus 60 mg of selectively labeled ketobutyrate, which makes this labeling 
protocol  hardly  cost-efficient  in  the  case  of  S1S2,  compared  to  the  alternative 
described below. 
First it was recognized that addition of labeled protonated a-ketobutyrate to growth 
medium shortly before induction allows for extremely efficient labeling of d1 methyls 
of Ile side chains (Gardner and Kay 1997). Ile d1 labeling can be particularly useful 
for  working  with  very  large  proteins  because  the  observed  peaks  are  usually  well 
dispersed  (Gardner  and  Kay  1997).  Later  it  was  shown  that  addition  of  a-
ketoisovalerate  (2-keto-3-methyl-butyrate)  to  growth  medium  in  the  same  manner 
results in efficient labeling of Leu d and Val g methyls (Goto, Gardner et al. 1999). It 
was demonstrated that addition of only 50 mg/L of a-ketobutyrate and 100 mg/L of a-
ketoisovalerate  is  sufficient  for  almost  complete  labeling  of  all  the  corresponding 
methyls, making this labeling strategy quite cost efficient. Another benefit of using a-
ketobutyrate  and  a-ketoisovalerate  is  that  their  methyl  protons/deuterons  don’t 
exchange with solvent (unlike for pyruvate), so that the particular isotopomer of these 
methyls used for protein production will result in the same exact isotopomer placed at 
the methyls of corresponding side chains. Both a-ketobutyrate and a-ketoisovalerate 
can  now  be  purchased  in  a  variety  of 
13C, 
2H  labeling  patterns,  e.g.  from  Sigma-
Aldrich. 
One of the reasons why methyl labeling of Ile, Leu, Val (ILV labeling) is particularly 
useful  is  that  these  long  hydrophobic  side  chains  are  predominantly  found  in  the 
hydrophobic cores of proteins, which are usually the key structural determinants of   62
soluble  proteins.  Perhaps  the  most  dramatic  demonstration  of  usefulness  of  ILV 
labeling  for  de  novo  NMR  structure  determination  was  the  application  to  the 
monomeric 723-residue 82-kDa enzyme malate synthase G (Tugarinov, Choy et al. 
2005). ILV methyls provided for the possibility of measuring a sufficient number of 
methyl-methyl, and methyl-backbone NOEs to obtain a well defined global fold, and 
then additional constraints (including NH RDCs) were used to further improve the 
structure. 
Dynamics measurements of methyls can be based on the magnetization relaxation of 
either 
13C nuclei or deuterium nuclei. Deuterons are particularly valuable for the fact 
that their relaxation is driven almost exclusively by quadrupolar interaction; however 
carbon experiments are usually less involved and are at least 3 times more sensitive 
because of inefficiency of magnetization transfer between 
13C and 
2H within a methyl 
(Tugarinov and Kay 2005; Tugarinov, Ollerenshaw et al. 2005). In our study of S1S2 
side chain dynamics we decided to use carbon relaxation experiments out of concern 
for sensitivity issues, because our protein is not stable in solution above ~0.3 mM 
concentration, plus the magnetic field of our spectrometer is only 500 MHz. 
Once experimental measurements of R1 and R2 are available for methyl carbons, it is 
possible to match them to theoretical expression and obtain “order parameter” Saxis as 
one of the fitting parameters (see below). One can calculate the total conformational 
entropy based on the sum of contributions from individual methyl groups determined 
from their order parameters (Yang and Kay 1996). That value in itself would be of 
little  interest  -  much  more  relevant  is  calculating  entropy  difference  between  two 
different states of the same protein, for example in apo state, and bound to a ligand 
(Lee, Kinnear et al. 2000; Loh, Pawley et al. 2001; Tugarinov and Kay 2005). The 
resulting measure cannot be considered truly quantitative for the following reasons: 
assumption is made that motions of side chains are not correlated, only contributions   63
from local motions are accounted for, only a subset of all side chains is considered. 
Nevertheless, the calculated entropy change can indicate whether ligand binding is 
entropically favorable or unfavorable. Also a residue-by-residue analysis of entropy 
changes (or order parameter changes) can lead to a better understanding of how a 
particular  protein  accommodates  to  ligand  binding,  i.e.  whether  the  changes  of 
hydrophobic cores are localized proximally to the binding site, or are distributed far 
from it (Lee, Kinnear et al. 2000; Ishima, Louis et al. 2001; Loh, Pawley et al. 2001; 
Tugarinov  and  Kay  2005).  Notice,  that  a  more  adequate  calculation  of  protein 
conformational entropies may in the future be achieved by combining NMR data and 
MD simulation analysis, similar to the methods developed in the Bruschweiler lab 
(Showalter, Johnson et al. 2007; Li and Bruschweiler 2009). 
 
PRIOR INVESTIGATIONS OF GLUR2 S1S2 DYNAMICS 
A lot of work on backbone dynamics of GluR2 S1S2 bound to various ligands has 
already been performed (McFeeters and Oswald 2002; Valentine and Palmer 2005; 
Fenwick and Oswald 2008). 
Fast  and  slow  backbone  dynamics  of  S1S2  bound  to  glutamate  were  studied  in 
(McFeeters and Oswald 2002). R1, R2 and NOEs were measured at 500 MHz and 600 
MHz and were analyzed using model-free formalism (in the Lipari-Szabo sense). Five 
different sets of parameters (models) were used to fit the data: 1) S
2, 2) S
2 and te, 3) S
2 
and Rex, 4) S
2, te, and Rex, 5) Sf
2, Ss
2, and te. In cases where Rex was required for 
fitting, it was possible to distinguish whether the motion is slow, intermediate, or fast 
on  the  chemical  exchange  time  scale,  based  on  the  changes  of  Rex  with the static 
magnetic field (Millet, Loria et al. 2000). Global tumbling was calculated to occur 
with correlation time of 17.7 ± 0.2 ns (in H2O at 25 °C), and to be axially symmetric 
with the shape factor of 1.15 ± 0.14. Perhaps the most surprising finding was that most    64
 
residues  in  the  beta-sheet  core  of  lobe  2  showed  chemical  exchange.  This  was 
unexpected  since  cores  of  both  lobe  1  and  lobe  2  are  virtually  identical  in  x-ray 
structures of S1S2 in apo form and when bound to various ligands. It was shown that 
lobe  1  residues  interacting  with  a-constituents  of  glutamate  (T480,  R485)  do  not 
exhibit exchange, while lobe 2 residues interacting with g-constituents of glutamate 
(S654, T655, L650, L703) exhibit exchange with similar rates. This, in addition to 
structural rearrangements in x-ray structures, may serve as evidence of “induced fit” 
mechanism of binding of at g position. Indeed, while GluR2 agonists are very similar 
in their a-constituents, they vary substantially in their g-constituents. Residues in helix 
I (proposed to be the hinge axis from comparing x-ray crystal structures (Armstrong 
and Gouaux 2000)), as well as residues in interlobe linkers, were found to exhibit 
chemical exchange (Figure 6). Based on the observation that S654, T655, helix F, and 
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residues on the opposite side of the binding cleft all show motion on microsecond-
millisecond  time  scale,  it  was  suggested  that  these  residues  may  provide  an  exit 
pathway  for  glutamate  without  the  need  for  lobes  to  open.  This  mechanism  was 
suggested as a potential explanation for desensitization of intact receptors. However, 
in light of the later findings (Sun, Olson et al. 2002), this explanation is incorrect. 
In  (Valentine  and  Palmer  2005)  comparison  of  chemical  shift  perturbations  and 
chemical exchange contributions into transverse relaxation was made for three full 
agonists: glutamate, AMPA, and quisqualate. X-ray crystal structures of S1S2 bound 
to the three agonists are almost superposable and show very similar degrees of lobe 
closure (Armstrong and Gouaux 2000; Jin, Horning et al. 2002). In addition to general 
detection  of  chemical  exchange  slow  motions  (1/kex  >  ~1  ms)  were  identified  by 
measuring two values for the transverse relaxation rate: one using Hanh spin-echo 
experiment (R2
HE), and one using a CPMG experiment (R2
CPMG). The Hanh spin-echo 
experiment was performed with the relaxation delay of 58 ms, meaning that it would 
only suppress chemical exchange with 1/kex > 58 ms. The CPMG experiment was 
performed with pulse separation of 1 ms (nCPMG = 500 Hz), suppressing motions with 
1/kex > 1 ms. Thus a significant value of R2
HE - R2
CPMG shows that slow motion takes 
place for the particular residue. Rex was also measured directly using the experiment 
described  in  (Wang,  Rance  et  al.  2003).  It  was  observed  that  glutamate  and 
quisqualate  are  very  similar  both  in  the  observed  chemical  shifts  and  in  slow 
dynamics, and are both quite different from AMPA. This trend is not directly related 
to  agonist  affinity,  because  AMPA  and  quisqualate  bind  to  S1S2  with  similar 
affinities, while glutamate binds with approximately 10-fold weaker affinity. AMPA 
bound S1S2 was found to be a lot less dynamic than glutamate and quisqualate bound 
forms,  and  showed  slow  dynamics  for  only  three  residues  (Valentine  and  Palmer 
2005).  Two  areas  of  the protein displayed significant differences both in chemical   66
shifts and in dynamics among the three agonists: the region surrounding Val683 and 
the  region  around  the  conserved  disulfide  bond  (C718  to  C773),  Lys716-Cys718. 
Val683 is in the loop proximal to the flip region, so its dynamics may reflect that the 
two  loops  participate  in  a  correlated  motional  process.  Some  additional  regions 
showed large chemical shift differences, notably helix I. Authors concluded that the 
conformation  and  dynamics  of  S1S2  bound  to  glutamate,  AMPA,  and  quisqualate 
were  affected  by  the  ligand-binding  mode  and  not  affinity,  thus  there  could  be 
expected subtle differences in the activities of different full agonists toward ionotropic 
glutamate receptors (Valentine and Palmer 2005). 
While (McFeeters and Oswald 2002; Valentine and Palmer 2005) certainly provided 
some important insights into the internal dynamics of GluR2 S1S2, the fact that they 
considered only full agonists made it impossible to correlate these findings to any 
trends derived from either x-ray crystallography or electrophysiology. Indeed, in both 
crystallography and electrophysiology, full agonists behave much in the same manner, 
apart from their respective binding affinities. The immensely detailed work described 
in (Fenwick and Oswald 2008) concentrated instead on detecting differences in protein 
dynamics and in chemical shifts among the willardiine series of partial agonists. The 
differences in x-ray structures and in electrophysiological properties of willardiines 
have been well documented (Jin, Banke et al. 2003; Jin and Gouaux 2003), which 
provided for an opportunity to deduce correlations between those parameters and the 
information  obtained  from  NMR  (Fenwick  and  Oswald  2008).  It  was  shown  that 
chemical  shift  differences  relative  to  HW-bound  S1S2  varied  with  the  5-position 
substituent size, i.e. in the order HW » FW < BrW < IW. Chemical shift differences 
were  detected  in  residues  directly  interacting  with  the  ligand,  which  was  to  be 
expected. The more interesting were changes detected in helices I and K (Figure 6), 
which surround the disulfide bond. Periodic variations of hydrogen chemical shifts   67
were  observed  in  helix  I,  with  downfield shifts occurring on the side of the helix 
facing the lobe interface. It was proposed that these variations could be best explained 
by changes in the lengths of hydrogen bonds formed by the residues involved, where 
downfield shifts correspond to shorter hydrogen-bond lengths. This would then imply 
that helix I experiences a bending distortion among the different willardiines, which is 
supported by comparison of x-ray crystal structures, with HW and IW inducing the 
most differing conformations. The indole amide hydrogen of W767 was pointed out as 
an important gauge of interlobe interactions, as it forms a hydrogen bond with the 
backbone carbonyl of T707 in helix I. The W767 indole peak was observed to be 
located  farther  upfield  for  weaker  agonists  (and  antagonists),  implying  a  longer 
hydrogen  bond  length  for  those  ligands  (Fenwick  and  Oswald  2008).  Dynamical 
information was obtained by measuring Rex using the experiment of (Wang, Rance et 
al.  2003)  at  magnetic  fields  of  500  MHz  and  900  MHz,  and  supplemented  by 
observations  of  peak  shape  and  intensity  changes  as  a  function  of  temperature. 
Measurements  of  Rex  at  different  magnetic  fields  made  it  possible  to  determine 
whether the particular motion is slow, intermediate, or fast on the chemical exchange 
time scale (Millet, Loria et al. 2000). Differences in Rex were observed around the 
disulfide bond: K716 and D719 showed variation in order IW<BrW<FW<HW, K770 
showed  more  pronounced  exchange  for  IW  than  for  HW  or  FW  (based  on  peak 
intensity  changes  with  temperature).  The  indole  amide  peak  of  W767  broadened 
dramatically  with  lower  temperature  for  IW,  but  much  less  so  for  FW,  implying 
presence of slow global motions of the lobes for IW. Increased Rex was observed for 
the lobe 2 residues interacting with the ligand (L650-K656, E705) for the less potent 
agonists (HW and IW). This cannot be explained by ligands exchanging with solution, 
because T480 from lobe 1, that forms a hydrogen bond to the ligand, does not indicate 
presence of chemical exchange. Thus it appears that while all willardiines bind stably   68
to lobe 1, the less potent willardiines have more trouble “locking” lobe 2 into a fixed 
orientation. Interestingly, it was observed that while large variations in Rex exist in and 
near  the  peptide  flip  region,  no  such  variations  are  seen  for  S652.  The  offered 
explanation  was  that  the  environment  of  this  residue  is  stabilized  by  the  interlobe 
hydrogen bond between the carbonyl of D651 and the amide of G451. The stability of 
this hydrogen bond then leaves the question open as to how exactly the protein moves 
to yield the observed dynamical parameters, since global lobe opening would appear 
impossible (Fenwick and Oswald 2008). 
 
PEAK ASSIGNMENTS IN CARBON HSQC OF S1S2 
As measurements of methyl dynamics are based on modified carbon HSQC spectra, 
the first step of this work was to make peak assignment in CHSQC for ILV-labeled 
S1S2. A special labeling scheme was utilized specifically for the purposes of peak 
assignment,  similar  to  that  described  in  (Tugarinov  and  Kay  2003).  Bacteria  were 
grown in fully deuterated M9 medium with 4 g/L of [
13C, 
2H]-glucose, and one hour 
prior to induction 50 mg/L of a-ketobutyrate and 100 mg/L of a-ketoisovalerate were 
added.  The  ketobutyrate  and  ketoisovalerate  were  uniformly 
13C-labeled,  and  had 
hydrogens only in methyl positions. Deuterons were exchanged into the b-position of 
ketobutyrate by incubation in D2O at 45 °C, pH 10.5 for 20 hours (Gardner and Kay 
1997), and into the same position of ketoisovalerate by incubation in D2O at 45 °C, pH 
12.4 for 3 hours (Goto, Gardner et al. 1999). The protein was also labeled with 
15N by 
using 
15N ammonium chloride as the sole source of nitrogen. Protein was expressed in 
inclusion bodies and purified following the standard protocol (Appendix 2). 
Notice that (Tugarinov and Kay 2003) describe CHSQC peak assignments for an 82 
kDa  protein,  and  utilize labeling and pulse sequences optimized for most efficient 
magnetization transfer along the side-chains. Most important feature of their labeling  69
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is that one of the methyls of a-ketoisovalerate is fully deuterated and has 
12C isotope. 
Thanks to that, only one of the two methyl groups of leucine and valine gets 
13CH3 
labeled,  eliminating  the  fork  in  the  path  of  magnetization  transfer,  and  improving 
sensitivity of experiments (Tugarinov and Kay 2003).  
In  our  case,  S1S2  is  a  lot  smaller,  and  considerations  of  sensitivity  are  not  as 
important,  so  we  were  able  to  obtain  nearly  complete  assignments  of  CHSQC  for 
S1S2 bound to glutamate using uniform 
13C labeling of ketoisovalerate and standard 
TOCSY-based H(CCO)NH, and C(CO)NH 3D experiments (Grzesiek, Anglister et al. 
1993). These experiments correlate all the aliphatic resonances of a given amino acid 
with the amide of the following residue, but in our case the only observed aliphatic 
resonances are methyls of isoleucine, leucine, and valine residues. The amide peak 
assignments for S1S2 bound to glutamate were available from previously published 
work (McFeeters and Oswald 2002). It was possible to assign 76 out of 89 observed 
peaks (85%). Isoleucine peaks occupy a separate part of a CHSQC spectrum with only 
one peak per residue; they are well dispersed and are the easiest to assign – all 16 
isoleucine peaks were assigned (see Figure 7). Valines and leucines can be expected to 
yield two peaks in CHSQC for their two methyl groups. However, in some cases only 
a single peak was identified per residue, corresponding either to a solution exposed 
side chain, or to a situation where one of the methyl groups relaxed much faster than 
the  other,  becoming  too  difficult  to  observe  in  the  3D  spectra,  and  consequently 
impossible to identify in CHSQC. Peaks belonging to 35 different valines and leucines 
were  assigned  (out  of  38  total).  Methods  have  been  developed  for  stereospecific 
assignment  of  methyls  (Neri,  Szyperski  et  al.  1989;  Bax,  Vuister  et  al.  1994; 
Tugarinov and Kay 2004), however there was no need for us to obtain stereospecific 
assignments. 
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Figure 8 shows how ILV methyls are distributed throughout the structure of S1S2. 
Distribution  methyls  between  the  two  lobes  is  quite  unbalanced:  among  assigned 
peaks only 15 residues were represented for lobe 2 (out of 18), and 36 residues were 
represented for lobe 1 (out of 36). Unfortunately, residue Leu138 that is part of the 
peptide flip region (see Chapter 2), was not assigned. 
Assignments of CHSQC spectra for ligands other than glutamate were obtained by 
comparison  with  glutamate  assignments.  For  most  residues  this  assignment  by 
comparison presented no difficulty – e.g. all isoleucine peaks could be assigned with 
100% certainty. For several peaks in the most crowded region of the spectrum the 
assignments could not be performed with certainty, and those peaks were not used in 
subsequent quantitative work. 
Figure 8. Distribution of ILV methyls within GluR2 S1S2 (isoleucine in pink, 
leucine in blue, valine in green)   72
HYDROPHOBIC CLUSTERS WITHIN GLUR2 S1S2 
In order to better understand the observed dynamics of methyl groups it is important to 
understand  whether  they  belong  to  particular  hydrophobic  clusters,  or  they  are 
partially  exposed  to  solvent.  Hydrophobic  clusters  were  recognized  for  S1S2  by 
manually following contacts among hydrophobic residues using Swiss-PdbViewer. 
The detected clusters are marked in Figure 9 with different colors. Cluster 1 (magenta) 
is  well  packed  and  encompasses  most  hydrophobic  contacts  within  lobe  1.  The 
following residues constitute cluster 1: V8, V17, C36, L39, A40, I43, L53, V56, W71, 
M74, V75, L78, A83, I85, A86, I87, A88, P89, L90, I100, F102, F106, I222, A223, 
P225. “Boundary” of cluster 1 includes residues (ILV only): V6, V7, I11, L12, V37, 
I55,  V79,  I92,  V99.  Helices  J  and  K  (Figure  6)  pack  with  the  rest  of  lobe  1  via 





Figure 9. Structure of S1S2 with hydrophobic clusters labeled   73
L39, I43, I222, I85. Strictly speaking, a beta-sheet passes through the middle of cluster 
1, separating it into two true hydrophobic clusters, but the hydrophobic packing is so 
good within lobe 1 that cluster 1 could be considered one solid formation. 
Cluster  2  (blue  in  Figure  9)  is  the  largest  and  best-packed  cluster  in  lobe  2.  The 
residues  constituting  cluster  2  are:  F146,  F147,  I152,  V154,  F155,  M158,  W159, 
M162, V169, F170.  
Clusters 3 and 4 are located on the two sides of the beta-sheet passing through the 
middle of lobe 2. Cluster 3 (green in Figure 9) includes residues M114, V178, V181, 
L192, I200. The reason why cluster 4 (yellow in Figure 9) was not included as part of 
cluster 2 is that it packs against it very poorly. As described below, cluster 4 also has 
special properties with respect to dynamics. Cluster 4 includes the following residues: 
I111,  I113,  I115,  L191,  V211.  Quality  of  packing  within  cluster  4  is  rather 
questionable, and it may be more appropriate to consider it a grouping according to 
dynamic properties rather than a true hydrophobic cluster. 
 
SPIN-LOCK EXPERIMENTS AND DATA ANALYSIS 
We performed T1 and T1r experiments on 
13CHD2 ILV labeled S1S2 using the pulse 
sequences similar to those of (Ishima, Louis et al. 1999) obtained from Kay’s lab. 
Delays of (3, 15, 30, 50, 70, 90(2)) ms and (0.04, 0.2(2), 0.4, 0.6, 0.8, 1.2, 1.6) s were 
used  in  T1r  and  T1  experiments  respectively.  Spectra  with  different  delays  were 
acquired in interleaved fashion to avoid the effects of potential loss of protein in the 
course  of the experiment. The resulting fid file was separated into the appropriate 
number of files containing only a single 2D spectrum, which were then processed 
using NMRPipe (Delaglio, Grzesiek et al. 1995). The 2D spectra were transformed 
into  UCSF  format  using  “pipe2ucsf”  command,  and  further  analyzed  in  Sparky 
(Goddard and Kneller). The internal Sparky function for fitting to exponential decay   74
was used to obtain values of R1 and R1r and their error estimates (500 Monte-Carlo 
type iterations were performed to obtain average values and standard deviations). The 
transverse  relaxation  rate  was  calculated  as  ( ) q q r
2 2
1 1 2 sin cos R R R - = ,  where 
) / arctan( 1 w w q D =  is the “tilt angle” described above (Davis, Perlman et al. 1994; 
Akke and Palmer 1996). 
The  obtained  values  of  R1  and  R2  were  analyzed  following  the  formulas  given  in 
(Ishima, Petkova et al. 2001; Tugarinov and Kay 2005): 
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with  C s D  the methyl 
13C CSA. The spectral density functions are defined as 
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^ = D t ,  || D   and  ^ D   are  the  components  of the molecular 
diffusion  tensor,  eff c f , 1 1 ' 1 t t t + =   with  ( )
1
|| , 4 2
-
^ + = D D eff c t   the  effective 
correlation time of overall rotation. The relaxation rates were corrected for the effects 
of  dipolar  interactions  with  external  deuterons  and  hydrogens  as  described  in 
(Tugarinov and Kay 2005), by placing a single deuteron 1.8 Å from the carbon, and a 
single hydrogen at the distance of 3.4 Å for isoleucine, 2.6 Å for leucine, or 2.7 Å for 
valine. Notice that the relative contribution of external protons and deuterons to R2 is   75
increased  9-fold,  because  they  don’t  participate  in  the  rapid  methyl  group  rotation 
(Ishima, Petkova et al. 2001). A Matlab script was written that achieved matching of 
the experimental values of R1 and R2 to the theoretically predicted ones, treating 
2
axis S  
and  f t   as  the  only  adjustable  parameters.  The  script  performed  50  Monte-Carlo 
iterations for each peak, using target experimental values randomly selected around 
the mean experimental values, taking into account the standard deviations obtained 
from Sparky. As the output the script provided mean values and standard deviations of 
2
axis S  and  f t  for each given pair of R1 and R2. 
The  order  parameter  Saxis  characterizes  motion  of  the  symmetry  axis  of  a  methyl 
group. Saxis can assume values between 0 and 1, corresponding to cases of completely 
unrestricted  motion  and  of  rigidly  fixed  direction  respectively.  Thus,  the  order 
parameter is related to conformational entropy of a particular methyl group; while this 
relation is dependent on the theoretical model used to derive it, the simple expression  
( ) [ ]
2 1 8 1 3 ln / axis p S A k S + - + = p  
based on the model of diffusion in a cone is acceptable as long as 
2
axis S  is less than 
~0.95  (Yang  and  Kay  1996).  The  contributions  from  all  methyls  were  summed 
together (setting A=0) to obtain the measure of total conformational entropy for each 
ligand (Table 6). 
In order to properly perform the fitting in the above-described Matlab script, it was 
necessary  to  supply  it  with  information  about  the  particular  rotational  diffusion 
properties of GluR2 S1S2. All dynamics measurements were performed in D2O at 14 
°C. In order to determine the correlation time of the protein we used the previously 
measured time of 17.7 ns in H2O at 25 °C (McFeeters and Oswald 2002) and corrected 
it by the change in the viscosity of the solvent, and change in temperature. According 







t =  
where h is the viscosity of the solvent and R is the effective hydrodynamic radius of 
the protein. The viscosity of H2O at 25 °C is 0.890 mPa×s, and that of D2O at 14 °C is 
1.416 mPa×s, yielding the correlation time for S1S2 bound to glutamate of 29.2 ± 0.3 
ns.  Another  important  question  is  whether  there  is  a  significant  difference  in  the 
properties of the diffusion tensor for S1S2 bound to ligands other than glutamate. The 
largest differences could be expected for the ligand inducing the largest degree of lobe 
opening - UBP282. The software HYDRONMR (de la Torre, Huertas et al. 2000) was 
used  to  theoretically  predict  the  properties  of  diffusion  tensors  based  on  PDB 
structures  of  S1S2  bound  to  glutamate  and  UBP282.  HYDRONMR  predicted  the 
correlation time for the glutamate-bound structure to be 29 ns, surprisingly close to the 
value  deduced  above  from  past  measurements.  The  correlation  time  for  UBP282 
bound protein was about 10% larger at 32 ns. This difference in correlation times 
compares very favorably with the ~15% that would be expected based on the fact that 
the  hydrodynamic  radius  for  S1S2  bound  to  UBP282  is  5%  larger  (as  determined 
using  the  software  Crysol  (available  from  EMBL  web  site)),  and  on  the  cubic 
dependence of correlation time on the radius shown above.  
The situation with the anisotropy of rotational diffusion is, unfortunately, less clear. 
Indeed, the experimental measurements for S1S2 bound to glutamate suggested axially 
symmetric tumbling with the asymmetry parameter of 1.15 ± 0.14 (McFeeters and 
Oswald 2002), while the HYDRONMR predicted value is 1.29. Although this value 
falls within the errors of the experimentally determined one, it is on the very boundary 
of  the  error  range,  and  it  corresponds  to  significantly  larger  asymmetry.  Thus  the 
question becomes whether HYDRONMR can be trusted with predicting the degree of 
asymmetry for UBP282-bound S1S2, or whether this value should be somehow based   77
on  the  experimentally  found  asymmetry  of  glutamate-bound  S1S2.  HYDRONMR 
prediction  for  the  UBP282-bound  protein  is  1.38.  And  it  appears  that  the  only 
reasonable way to base the asymmetry estimate on the experimental numbers is to 
trust the ratio of HYDRONMR predicted asymmetries of the glutamate and UBP282 
bound forms, yielding the asymmetry of 1.23 (=(1.38/1.29)*1.15). Another potential 
problem  stems  from  the  fact  that  we  did  not  stereospecifically  assign  methyls  of 
valines and leucines, meaning that for a given peak in the valine-leucine part of the 
spectrum  we  cannot  tell  what  is  the  direction  of  the  corresponding  methyl  3-fold 
symmetry axis. Fortunately, both of the just described problems having to do with the 
asymmetry of rotational diffusion find an easy resolution – the relative contribution of 
these effects is very small, rarely exceeding 5% even for anisotropy of 1.4. This is in 
contrast  to  what  is  observed  for  backbone  amides,  at  least  partially  because  the 
chemical  shift  anisotropy  of  methyl  carbons  is  a  lot  smaller  than  that  of  amide 
nitrogens: ~20 ppm versus -160 ppm. 
 
RESULTS:  CONFORMATIONAL  ENTROPY  AND  THERMODYNAMICS  OF 
BINDING 
It was demonstrated in (Lee, Kinnear et al. 2000) that side-chain dynamics is largely 
decoupled from the backbone dynamics. Namely, they observed that while the side-
chains of calmodulin clearly became more ordered upon binding to a target peptide, 
there was no clear change in the degree of order of the backbone amides. 
Perhaps the most surprising finding from the spin-lock experiments was that S1S2 
bound to glutamate is more ordered than when bound to any other tested ligand (Table 
6). Previous experiments measuring chemical exchange for backbone amides indicated 
that S1S2 is more dynamic when bound to glutamate than when bound to AMPA 
(Valentine and Palmer 2005). That is in line with our CPMG experiments that do show   78
more slow motions for glutamate then for AMPA. It appears that the natural agonist 
glutamate is the most “comfortable” for S1S2, allowing for the tightest packing of the 
hydrophobic  cores,  while  all  the  other  tested  ligands  skew  intradomain  structure 
towards unnatural – “uncomfortable” – conformation.  
Table 7 summarizes results of competitive binding ITC experiments from (Ahmed, 
Thompson et al. 2009) and unpublished by Loh and Romero, showing enthalpic and 
entropic contributions to binding, relative to those of glutamate. Comparison of the 
Tables 6 and 7 shows that there is no correlation between the experimental values of 
entropic contribution and the values calculated for side chain conformational entropy. 
It was hinted in (Ahmed, Thompson et al. 2009) that some of the factors that might 
conceivably be important to explain the entropic contribution to binding are exclusion 
of  water  upon  binding  (hydrophobic  effect),  and  loss  of  ligand  flexibility  upon 
binding. These two effects happen to be fairly easy to estimate, which was attempted 
here. 
The software Suface Racer (Tsodikov, Record et al. 2002) was used to determine the 
contribution  of  the  hydrophobic  effect  to  binding.  This  software  uses  the  typical 
algorithm  of  rolling  a  spherical  probe  of  a  specified  radius  over  the  surface  of  a 
molecule, and reports not only the total solvent accessible area of the molecule, but 
also the area that can be considered non-polar. This non-polar area is what contributes 
to the hydrophobic effect. The reaction of ligand binding can be visualized as starting 
from the protein in apo-form (having certain non-polar surface area common for all 
ligands),  interacting  with  a  ligand  (having  some  non-polar  area  particular  for  that 
ligand), and resulting in a bound structure with the total non-polar area dependent on 
the  bound  ligand.  First,  the  non-polar  surface  of  the  apo-form  was  determined  by 
running  Surface  Racer  on  several  crystal  structures:  apo  (1FTO),  DNQX-bound 
(1FTL) with the ligand removed, UBP282-bound (3H06) with the ligand removed.   79
The consensus non-polar area for the apo-form was established to be 6940 Å
2. Next, 
PDB files describing ligands of interest were created by extracting parts of the PDB 
files  of  S1S2  bound  to  these  ligands,  and  non-polar  areas  of  these  ligands  were 
determined using Surface Racer. And finally, the non-polar areas of the bound forms 
were determined from the corresponding PDB files (notice that bound ligands can 
contribute to this number). Table 8 shows all the numbers that were obtained using 
Surface Racer (Tsodikov, Record et al. 2002), as well as the calculated changes of the 
non-polar  surface  upon  binding  reaction.  Also  the  table  shows  the  entropic 
contribution  to  free  energy,  calculated  using  the  coefficient  of  29.8  cal/(mol×Å
2) 
(Williams, Cox et al. 1991). 
Binding of any small molecule ligand results in a large loss of entropy simply because 
of the loss of its translational and rotational (molecule as a whole) degrees of freedom 
– this value is estimated to be as large as ~12 kcal/mol (Williams, Cox et al. 1991). 
However, this value is very weakly dependent on ligand mass, and is not important 
when comparison is made among different ligands, like in our case. A more ligand-
specific  entropy  loss  upon  binding  stems  from  decrease  in  the  number  of allowed 
rotameric states. According to (Doig and Sternberg 1995) the entropy loss per rotor is 
0.4-0.8 kcal/mol at 300 K, while a newer paper (Homans 2005) cites the value from an 
older paper (Williams, Cox et al. 1991) of ~1.3 kcal/mol per rotor. The “rotor” in the 
previous sentence refers to any bond around which a rotation can take place in the 
molecule of interest. Table 9 gives the number of rotors for all the ligands considered 
in  the  present  work,  and  also  the  corresponding  entropic  contribution  to  binding 
relative to glutamate, calculated using a “consensus” coefficient of 0.8 kcal/mol per 
rotor. 
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Table 6. Side chain conformational entropy 
Ligand 
Entropy S, 
cal/(K×mol)  -T×S, kcal/mol 
-T×S relative to 
glutamate 
Glutamate  -238  68.24  0 
AMPA  -185  53.01  -15.23 
FW  -182  52.21  -16.04 
IW  -166  47.58  -20.66 
kainate  -168  48.34  -20.08 
DNQX  -179  51.29  -16.96 
UBP282  -167  47.78  -20.49 
 
 
Table 7. Thermodynamics of ligand binding, relative to glutamate 
Ligand  DH, kcal/mol  DS, cal/(K×mol)  -TDS, kcal/mol 
Glutamate  0  0  0 
AMPA  -2.5  -1.5  0.4 
FW  1.6  9.8  -2.8 
IW  5.1  20  -5.7 
DNQX  -8.3  -27  7.6 
UBP282  -8.8  -39  11.0 
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Table 9. Entropic contribution from loss of ligand flexibility 
Ligand  Number of rotors  -TDS, kcal/mol 
-TDS relative to 
glutamate 
Glutamate  4  3.2  0 
AMPA  3  2.4  -0.8 
FW, IW  3  2.4  -0.8 
kainate  4  3.2  0 
DNQX  2  1.6  -1.6 
UBP282  6  4.8  1.6 
 
 
Table 10. Summary of all entropic contributions relative to glutamate 






Glutamate  0  0  0  0 
AMPA  -15.23  -1.58  -0.8  -17.61 
FW  -16.04  6.94  -0.8  -9.90 
IW  -20.66  6.94  -0.8  -14.52 
kainate  -20.08  3.96  0  -16.12 
DNQX  -16.95  8.14  -1.6  -10.41 
UBP282  -20.48  4.8  1.6  -13.78 
 
Table  10  brings  together  all  three  considered  entropic  contributions  relative  to 
glutamate. Sadly, these theoretical results still have basically no correlation with the 
experimental ITC results of Table 7. What appeared to be a key feature of antagonist 
binding  –  the  highly  unfavorable  entropy  –  doesn’t  find  any  support  in  these 
theoretical estimates. It is hard to explain this incoherence of experiment and theory. 
Since the total entropy change is dominated by the conformational entropy (Table 10),   83
it becomes one of the prime suspects. For a well-ordered structure such as S1S2 bound 
to  glutamate,  underestimating  the  protein  tumbling  time  can  become  a  significant 
problem. Indeed, such underestimation would result in increased average value of the 
calculated order parameters, shifting more of them closer to unity. The contribution to 
the total entropy from these strongly ordered residues can become disproportionately 
large. This is the result of the fact that the function deriving entropy from the order 
parameter (Yang and Kay 1996) becomes more negative very sharply and nonlinearly 
as  the  order  parameter  approaches  unity.  Since  in  this  work  we  used  only  semi-
theoretically calculated values of the tumbling time, this becomes a weak point of our 
subsequent calculations of conformational entropy. The only way to reliably verify 
whether this problem is very significant is to experimentally determine the correlation 
time of the protein with different ligands in D2O at 14 ºC. On the other hand, some 
conclusions definitely hold, for example that S1S2 is more ordered when bound to 
glutamate than when bound to AMPA and FW – this conclusion stands because the 
protein looks nearly identical – and consequently has the same tumbling time – when 
bound to these ligands. 
As pointed out earlier, our calculations of conformational entropy assume that side 
chains  move  independently.  This  clearly  cannot  be  the  case  in  a  tightly  packed 
hydrophobic core, because then for the methyl of one residue to occupy a particular 
position in space, the methyl of some other residue would need to get out of the way. 
This correlation of motions should result in much lower entropy for residues that in 
our experiment seem to exhibit a fairly low degree of order. This might bring other 
values of total conformational entropy for S1S2 bound to other ligands closer to those 
calculated for glutamate. 
A potentially important contribution to entropy change upon ligand binding that was 
not considered in the present work is that from changes in the ordering of backbone   84
amides. While (Lee, Kinnear et al. 2000) can serve as an example of the case where 
backbone conformational entropy doesn’t change upon binding, it certainly is not a 
universal theme, see for example (Loh, Guo et al. 1999; Wang, Pawley et al. 2001). It 
is possible that changes of backbone amide entropy counteract changes of side chain 
conformational entropy. The result is unpredictable without performing a separate set 
of experiments directed at measuring the backbone amide dynamics of S1S2 bound to 
different ligands. 
 
CPMG EXPERIMENTS AND DATA ANALYSIS 
We  performed  CPMG  experiments  on 
13CHD2  ILV  labeled  S1S2  using  a  pulse 
sequence modified from the T1r spin-lock sequence by substituting a train of 180º 
carbon pulses in place of the carbon spin-lock period. The resulting sequence was 
similar to that of (Ishima, Louis et al. 1999), and the number of CPMG pulses could 
easily be set using a specialized parameter “lcyc”. In our experiments the duration of 
the  relaxation  period  was  set  to  40  ms  (T_total=0.04).  Setting  lcyc=0  results  in 
omitting the relaxation delay, so that a reference spectrum can be obtained within the 
same experiment. Due to specifics of the sequence, lcyc must be an even number. For 
any  given  positive  value  of  lcyc  there  will  be  2*lcyc  CPMG  pulses,  separated  by 
2tCPMG=T_total/(2*lcyc).  As  mentioned  earlier,  CPMG  experiments  with  very  low 
effective  frequency  are  impossible  for  CHD2  methyl  isotopomers,  because  of  the 
significant contribution of deuteron coupling and relaxation (Skrynnikov, Mulder et al. 
2001).  We  observed  that  lcyc=2  clearly  resulted  in  an  abnormally  high  measured 
relaxation. But lcyc=4 didn’t present any problems, as concluded from observation of 
perfectly flat relaxation dispersion profiles for some residues even when lcyc=4 was 
included.   85
Another problem was presented by the quite simplistic nature of the CPMG sequence 
that we used, namely that there were no measures taken to correct for imperfectly 
chosen duration of 180º pulses, or for offset effects. This problem became clear after 
we tried to perform the experiment by setting the carbon offset to the middle of the 
spectrum. The extent of the spectrum is ~20 ppm in carbon dimension, but all the 
peaks that were farther than ~4 ppm from the center displayed abnormal dispersion 
profiles, with artifacts becoming more severe with larger distances from center and 
larger lcyc values. To counteract this problem we decided to perform two separate 
experiments: one to cover the isoleucine part of the spectrum (around 8 to 17 ppm 
carbon chemical shifts), and the other to cover the valine-leucine part of the spectrum 
(around 18 to 28 ppm carbon chemical shifts). This was achieved by appropriately 
centering the carbon carrier frequency in the two experiments. This approach resulted 
in  much  better  relaxation  dispersion  profiles,  although  there  were  still  noticeable 
artifacts for peaks most remote from the carrier frequency, and also for values of lcyc 
larger than around 24. 
Spectra were acquired in interleaved fashion with lcyc values of (0, 4, 6, 8, 10, 12, 16, 
24). Repeat experiments were not performed because from preliminary experiments 
we established that for our typical protein concentration and experiment duration (2.5 
hours per lcyc value), the errors in the calculated relaxation rates were negligible at 
±0.3 Hz. The resulting fid file was separated into files containing only a single 2D 
spectrum, which were then processed using NMRPipe (Delaglio, Grzesiek et al. 1995). 
The 2D spectra were transformed into UCSF format using “pipe2ucsf” command, and 
further analyzed in Sparky (Goddard and Kneller). Sparky was used to save peak lists 
including  peak  heights,  which  were  subsequently  analyzed  to  calculate  relaxation 
dispersion profiles.   86
Relaxation rates as function of effective CPMG frequency were calculated according 














n - =  
where T is the fixed duration of the relaxation period (T_total in our sequence), I0 is 
the peak height measured when omitting the relaxation period (setting lcyc=0 in our 
sequence), and  ) ( CPMG I n  is the peak height measured for a given frequency of CPMG 
pulses ( CPMG CPMG t n 4 / 1 = ). Some older methods would measure the same value of R2 
by collecting a series of 2D spectra with fixed tCPMG but different values of T (Loria, 
Rance et al. 1999; Mulder, van Tilborg et al. 1999). That approach allows for a better 
precision of measurement for each given tCPMG, but requires an inordinate amount of 
experimental time to obtain a good relaxation dispersion profile. Approach of (Mulder, 
Skrynnikov  et  al.  2001)  used  here  affords  much  faster  acquisition  of  relaxation 
dispersion profiles while maintaining very moderate experimental uncertainties. 
With the range of lcyc values we used (4 to 24), the range of CPMG frequencies 
covered was quite narrow: from 100 to 600 Hz. With this range and our experimental 
errors  it  was  impossible  to  detect  the  presence  of  smaller  chemical  exchange 
contributions. The values of R2 obtained from the spin-lock experiments correspond to 
CPMG frequency of ~2200 Hz. These data are more precise than those obtained from 
CPMG  experiments,  and  extend  to  high  enough  frequency  to  ensure  complete 
suppression of chemical exchange contribution from slow motions. Thus, these data 
were added to the relaxation dispersion profiles (with increased weighting factor), and 
were used in subsequent fitting procedures. 
A  Matlab  script  was  written  that  fit  the  complete  theoretical  expression  for  the 
relaxation dispersion profile (see above) to the experimental data. Because of the fact 
that we only acquired CPMG data at one magnetic field strength, we were unable to   87
resolve to extract the chemical shift difference and the population of the exchanging 
substates. However, we observed that fixing the population distribution to an arbitrary 
value  would  strongly  affect  the  deduced  chemical  shift  difference,  but  leave  the 
exchange rate kex almost unaffected. Thus, we decided that the two key values that 
could  reasonably  be  deduced  from  our  relaxation  dispersion  profiles  were  the 
magnitude of the chemical exchange contribution Rex= R2(100 Hz) – R2(2200 Hz), and 
kex. Data were fit for Rex as small as 1.7 Hz, although the results for Rex smaller than 2 
Hz  should  be  considered  unreliable,  due  to  experimental  uncertainties  in  the  data 
points. All the results are shown in Appendix 9.  
 
RESULTS: SLOW MOTIONS IN LOBE 2 
It has been recognized that most known ligands of GluR2 interact in identical manner 
with lobe 1, but make different contacts with lobe 2 (Armstrong and Gouaux 2000; 
Jin, Banke et al. 2003; Ahmed, Thompson et al. 2009). It has also been shown that 
lobe 2 is more dynamic on microsecond-millisecond time scale than lobe 1 (McFeeters 
and Oswald 2002). Not surprisingly, our CPMG experiments revealed slow motions in 
lobe 2 also. Unfortunately, only a relatively small number of ILV residues are located 
in lobe 2, making interpretation of our observations more difficult. 
One  set  of  residues  exhibiting  exchange  for  FW  and  AMPA  became  immediately 
apparent  by  considering  positioning  of  these  residues  within  the  protein  structure. 
Residues I111, I113, I115, L191, V211 all belong to the beta-sheet that runs through 
the middle of lobe 2, and their side chains are on the same side of the beta-sheet. 
These residues constitute cluster 4 in Figure 9 and face large tightly packed cluster 2. 
A careful consideration of the structure indicates that contacts between clusters 2 and 
4 are minimal, providing a natural weakness in the protein, such that two parts of lobe 
2  can  slide  past  each  other  along  this  weakness.  On  the  one  hand,  if  an  arbitrary   88
protein has the general type of fold identical to that of lobe 2, there could be a natural 
tendency for poor packing on the surface of the beta-sheet, but on the other hand the 
packing  doesn’t  necessarily  have  to  be  poor.  An  intriguing  possibility  is  that  the 
existence  of  this  weakness  in  lobe  2  is  important  for  function  of  GluR2  (see 
Discussion in the end of this chapter).  
 
RESULTS: SLOW MOTIONS IN LOBE 1 
Slow motions in lobe 1 vary in extent among different ligands, but are limited to 
boundary  residues  of  cluster  1.  One  area  of  interest  is  helix  C.  This  helix 
hydrophobically packs against the rest of lobe 1 via its residues Val75, Leu78 and 
Val79.  These  residues  interact  with  Val99  and  Ile100  (Figure  10A).  These  five 
residues  show  slow  dynamics  for  most  ligands,  suggesting  a  consistent  global 
movement of helix C. 
Slow motions observed for other residues can be easily explained, and don’t present 
too much interest. Residues Val6, Val7, Val8 are naturally more dynamic because they 
are very close to N-terminal; Ile87 shows exchange because it interacts with Val8. 
Leu39 interacts with helix J and can be affected by motions of that helix. Val17 and 
Val37  are  at  the  base  of  flexible  loop  containing  residues  17-36,  and  would  be 
expected to respond to motions of that loop. Leu53 is close enough to this loop to also 
be  affected  by  its  motions.  Similarly,  Val56  is  at  the  base  of  flexible  section 
containing residues 57-73. And finally, Ile70 is within that flexible section (Figure 
10).   89
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Figure 10. Views of S1S2 with side chains of interest shown and labeled   90
DETAILED PROPERTIES OF BINDING FOR DIFFERENT LIGANDS 
The ligands used in this study were chosen to cover the whole range from full agonists 
(AMPA,  glutamate),  via  several  partial  agonists  of  different  efficacy 
(fluorowillardiine, chlorowillardiine, iodowillardiine, kainate), to antagonists (DNQX, 
UBP282).  For  most  of  the  chosen  ligands  we  already  had  prior  knowledge  of  the 
degree of backbone dynamics, binding properties as determined by ITC, and protein 
stability. It was expected that the side chain dynamics data would help us create a 
holistic picture of ligand action on GluR2 S1S2 and consequently understand some of 
the data observed in other experiments. 
 
AMPA and fluorowillardiine 
These two ligands induce a very similar distribution of millisecond time scale motions, 
as well as very similar total side chain entropy (Table 6). The feature unique for these 
ligands is the distribution of motions in lobe 2 – namely that the motions are limited to 
the intermediate cluster. Residue Val211 (Figure 10B) in particular experiences huge 
exchange contributions – on the order of 40-50 Hz for one of the methyls. It is difficult 
to explain why this distribution of motions should be specific for AMPA and FW. A 
tempting  explanation  for  why  Val211  could  experience  such  large  exchange 
contribution is that this residue is on the very edge of the intermediate cluster, so that 
when parts of lobe 2 slide past each other Val211 can become exposed to solution. 
The chemical shift between the solution exposed state and the state where the residue 
is  packed  in  the  hydrophobic  core  is  potentially  very  large  explaining  the  large 
exchange contribution. AMPA and FW bind to S1S2 with very high affinity, which 
might give them the ability to apply especially large forces to lobe 2 and distort it. 
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UBP282, DNQX, and kainate 
UBP282 was chosen as the antagonist inducing the most open conformation of S1S2 
as  observed  in  X-ray  crystal  structure  (3H06,  (Ahmed,  Thompson  et  al.  2009))  – 
around  27º  more  open  than  the  glutamate-bound  structure.  DNQX  induces  a 
significantly  more  closed  conformation  (1FTL,  (Armstrong  and  Gouaux  2000))  – 
around 17º more open than the glutamate-bound structure. DNQX has much higher 
affinity for GluR2 S1S2 than UBP282 does; at 0.38 mM vs. 292 mM it is almost an 
800-fold  difference  (Ahmed,  Thompson  et  al.  2009).  Counter-intuitively,  S1S2  is 
more  stable  when  bound  to  UBP282  than  when  bound  to  DNQX,  as  revealed  by 
thermal denaturation experiments (Ahmed, Thompson et al. 2009). It is also known 
that the antagonist CNQX, which is very similar to DNQX, makes S1S2 so unstable 
that the protein degrades within minutes at room temperature. With our experiments, 
we hoped to explain this difference in stability.  
One attractive explanation was that binding of DNQX loosens up the hydrophobic 
cores of the protein, or makes the structure much more dynamic on the millisecond 
time scale, thus increasing potential for protein unfolding. Quite unexpectedly, our 
experiments showed that: 1) S1S2 bound to DNQX is significantly more ordered than 
when bound to UBP282, 2) S1S2 bound to DNQX is less dynamic on millisecond 
time  scale  than  when  bound  to  UBP282.  Another  factor  in  protein  stability  is  the 
solvent-accessible  non-polar  surface  area,  with  larger  exposed  non-polar  surface 
resulting in lower stability (Millet, Hudson et al. 2003). This, however, cannot be the 
explanation in our case, because S1S2 bound to UBP282 has about 100 Å
2 larger non-
polar surface area than when it is bound to DNQX – apparently the opposite trend.  
It  should  be  pointed  out  that  while  DNQX  and  CNQX  behave  very  similarly  in 
thermal unfolding experiments (Ahmed, Thompson et al. 2009), they appear to induce 
different protein dynamics as judged from NMR experiments with 5-
19F-tryptophan   92
labeled S1S2. Namely, residue W767 (W255), which may serve as an indicator of 
relative motion of the lobes, shows millisecond time scale exchange for CNQX but not 
for DNQX (Ahmed, Loh et al. 2007; Ahmed, Thompson et al. 2009). 
A feature particular for UBP282, as compared to other ligands, is that it induces more 
slow dynamics in the last two helices of lobe 1 (helices J and K) that pack against the 
rest of lobe 1 via hydrophobic contacts. Residues V234, V238, L239, L241, L246, 
L250 (Figure 10B) all show exchange contribution. It may be a consequence of how 
open the structure of S1S2 is when bound to UBP282, perhaps creating stress in the 
hydrophobic interface between helices J and K, and the rest of lobe 1 by pulling on the 
disulfide bond (see Figure 6). In contrast, DNQX induces very little dynamics in the 
same area, involving only Leu246 and Leu250. 
Kainate  is  grouped  here  with  the  antagonists  because  they  all  in  general  show  a 
decreased amount of slow motions (see Discussion). Kainate in particular appears to 
be almost devoid of slow motions. 
 
Iodowillardiine and chlorowillardiine 
These two partial agonists are remarkably similar in the degree and distribution of 
slow motions that they induce in S1S2. What makes these ligands unique in our study 
is  that  they  show  the  greatest  evidence  for  existence  of  variable  degrees  of  lobe 
closure  in  solution.  The  clearest  signature  of  this  variability  comes  from  the 
observation that residue Ile200 (Figure 10A) undergoes very strong exchange in IW 
(Rex=9.2  Hz).  We  could  conclude  that  Ile200  reflects  the  degree  of  lobe  closure 
because it has smaller order parameters for more open structures, and because it is 
located in helix I that was shown to respond strongly to lobe opening (Fenwick and 
Oswald 2008). This residue also shows very substantial exchange for ClW (Rex=3.9 
Hz), and even some exchange for FW (Rex=2.6 Hz). Among all of the ligands tested in   93
our study, Ile200 shows slow motions exclusively for the willardiine partial agonists. 
While FW belongs to this exclusive group, it is actually more similar to AMPA than to 
IW and ClW, when the distribution off all the slow motions is considered. 
Residue Leu109, located in the interlobe linker could potentially be reflecting on the 
relative movement of the lobes (Figure 10A). This conclusion is not as simple as for 
Ile200 however, because judging by the chemical shifts of Leu109, it is located close 
enough to the ligand to react strongly to its presence and/or movement. This residue 
shows some degree of chemical exchange for all ligands, but it is markedly increased 
for IW and ClW: as high as 15 Hz, compared to 3 Hz on average for other ligands. 
This speaks for uniqueness of IW and ClW, possibly confirming presence of large 
scale  lobe  motions.  Notice  that  the  magnitude  of  chemical  exchange  contributions 
suggests  that  IW  induces  more  extensive  large scale motions than ClW does. The 
conclusion  that  IW  doesn’t  induce  a  fixed  degree  of  lobe  closure  is  in  line  with 
previous findings (Fenwick and Oswald 2008; Maltsev, Ahmed et al. 2008). 
 
DISCUSSION 
The work presented in this chapter is the first description of the mechanism of binding 
of  GluR2  S1S2  to  its  various  ligands  from  the  point  of  view  of  dynamics  of  its 
hydrophobic side chains. This perspective led us to consider the structure of S1S2 in a 
very different light, focusing on the behavior and organization of hydrophobic cores 
within the protein. 
One of the most interesting findings was that S1S2 is much more ordered when bound 
to glutamate. Indeed, the side chain conformational entropies for all studied ligands 
except for glutamate are fairly close to each other, but very different from that for 
glutamate.  Why  would  glutamate  be  so  special?  There  is  a  simple  answer  to  this 
question: glutamate is the one natural ligand of glutamate receptors. This implies that   94
in the course of evolution structures of the ligand binding domains of iGluRs became 
fine-tuned to work with glutamate exactly in the desired way. And the desired way is 
not as simple as making glutamate the best binder – rather, as a neurotransmitter, 
glutamate  needs  to  bind  and  unbind  with  exactly  the  right  timing.  This  kinetic 
behavior of glutamate is different for different glutamate receptors even though they 
possess  a  very  high  degree  of  structural  homology.  Conformational  entropy  for  a 
protein includes two main components: that of side chains, and that of the backbone. 
Since all glutamate receptors are structurally homologous, it means that the potential 
for  tuning  properties  of  binding  by  adjusting  backbone  conformational  entropy  is 
limited, because backbone is involved in well-defined secondary structure elements. 
The hydrophobic cores, on the other hand, can be adjusted rather easily to regulate the 
quality  of packing, or changes thereof upon ligand binding, without disrupting the 
overall protein structure. Unfortunately, we don’t know how ordered (or disordered) 
S1S2 is in the apo form. It is a common theme that a protein would become more 
ordered upon binding its native ligand, but it is not necessarily the case here. It is 
possible  to  imagine  that  the  apo  form  is  “pre-ordered”  to  accommodate  glutamate 
without causing additional loss of entropy. Other ligands considered in this study seem 
to not work as well with S1S2 in the sense that they decrease the quality of packing of 
the  hydrophobic  cores.  Paradoxically,  this  interference  with  the  protein  structure 
provides a favorable entropic contribution to the binding energy. Now, we have to 
remember that it is not at all surprising that researchers were able to find compounds 
that  bind  glutamate  receptors  –  this  is  possible  for  any  protein;  these  artificial 
compounds are “accidents” that are irrelevant in the natural environment. Glutamate 
receptors  did  not  have  a  chance  to  evolve  either  to  optimize  binding  of  these 
compounds, or to prevent their binding while insuring binding of glutamate. Many of 
these  artificial  compounds  are  better  binders  than  glutamate,  partly  thanks  to  the   95
favorable contribution of side chain conformational entropy; but it is hard to imagine 
that any of them could substitute for glutamate as a neurotransmitter. 
Is there something special about the structure of glutamate itself that might allow it to 
interfere the least with the structure of S1S2? Comparing the structures of various 
ligands, it is easy to notice that glutamate is the only one that doesn’t contain any 
cyclical or ring structures. This implies that glutamate is generally a more flexible 
molecule that is less likely to apply distorting forces to the protein. 
While the degree of order is high for glutamate for both lobes of S1S2 on the faster 
time scale, we find that lobe 2 is generally rather dynamic on millisecond time scale. 
This finding is in line with past backbone dynamics work (McFeeters and Oswald 
2002;  Fenwick  and  Oswald  2008).  The  way  that  hydrophobic  core  of  lobe  2  is 
organized seems to reveal a weakness that might allow parts of lobe 2 to slide past 
each other. Residues along that weakness exhibit slow motions particularly for strong 
agonists (glutamate, AMPA, and FW). By comparison, the structures of S1S2 bound 
to kainate, DNQX, and UBP282 exhibit a reduced degree of slow motions. These 
observations suggest that the slow motions we observed may be associated with the 
process of “locking” upon ligand binding. Indeed, when S1S2 is sufficiently closed, 
two additional hydrogen bonds can be formed between the lobes with participation of 
the “flip region” (see Chapter 2), helping to stabilize the closed conformation. Perhaps 
this locking of the closed conformation creates strain between the clusters 2 and 4, 
which in turn gives rise to the slow motions. 
It  is  interesting  to  compare  the  structures  of  GluR2  S1S2  and  the  ligand  binding 
domain of an ionotropic glutamate receptor from bacteria, GluR0 (Mayer, Olson et al. 
2001), from the point of view of the organization of hydrophobic cores. All of the 
eukaryotic  iGluRs  have  an  extra  helix  in  lobe  2  compared  to  GluR0  (helix  G  of 
GluR2).  Also,  one  beta  strand  is  lost  in  GluR2  compared  to  GluR0  (strand  9  of   96
GluR0).  These  changes  lead  to  a  drastic  redistribution  of  hydrophobic  interactions 
within lobe 2. In fact, cluster 2 of GluR2 (Figure 9) is formed almost exclusively by 
the helix F and the “new” helix G. It appears that the evolution of glutamate receptors 
was directed towards developing the module consisting of the helices F and G that 
would be fairly free to slide within lobe 2. What could be the purpose of this module is 
a question that would probably require electrophysiological study of intact receptors 
with introduced novel mutations, however some conjectures may be ventured at this 
point. One possibility is that the purpose of this module is to allow for quick and 
highly efficient locking of the closed conformation upon agonist binding, as described 
above. Indeed, one of the most obvious features of GluR0 is its much slower kinetics 
compared  to  GluR2,  e.g. activation in 287 ms vs. 19 ms (Chen, Cui et al. 1999). 
Another possibility is that this module is important in receptor desensitization: while 
GluR2  desensitizes  almost  completely  within  a  few  milliseconds  upon  glutamate 
binding, GluR0 desensitizes in several seconds and much less efficiently (by ~70%). 
Past experiments provided substantial support for the idea that iodowillardiine does 
not induce a fixed conformation of S1S2, i.e. that lobes of S1S2 experience large scale 
relative motions when it is bound to IW. To recap, helix I was identified as the hinge 
of S1S2 lobe reorientation upon binding (Fenwick and Oswald 2008). The indole NH 
of W767 forms a hydrogen bond to backbone carbonyl of T707 within helix I, and the 
peak position is well correlated with the degree of lobe closure. The peak of W767 
indole NH shows a very large exchange contribution for IW but not for FW (Fenwick 
and Oswald 2008; Maltsev, Ahmed et al. 2008). Another potential confirmation came 
from our RDC work: we observed that RDCs measured for IW did not fit well to a 
single static structure (Maltsev, Ahmed et al. 2008). The present work provided more 
evidence for dynamic behavior of S1S2 bound to IW. We observed that Ile200, which 
is located in helix I, shows evidence of slow motions exclusively for the willardiine   97
partial agonists, with especially strong chemical exchange contribution for IW. The 
exchange contributions (R2(100 Hz) - R2(2200 Hz)) are 9.2 Hz, 3.9 Hz, 2.6 Hz for IW, 
ClW,  and  FW  respectively.  It  is  possible  that  the  exchange  contributions  can  be 
attributed to large scale motions of the lobes of S1S2 when bound to these partial 
agonists. This finding correlates well with the past observations strongly suggesting 
that IW-bound S1S2 exhibits a range of degrees of lobe closure in solution, while FW 
is likely to induce a fairly well defined protein conformation. As pointed out above, 
our data is insufficient to resolve the pa and dw parameters.  However if we consider 
that kex values are fairly close, and assume that the states experienced by Ile 200 are 
the  same  for  the  willardiines  (i.e.  dw  is  similar  for  these  ligands),  then  a  larger 
chemical exchange contribution would correspond to a larger population of the minor 
state. This then creates the picture of a gradual increase in the population of the minor 
state (presumably a more open state), as one moves from FW to ClW to IW.   98
CHAPTER 4. FUTURE DIRECTIONS 
 
DOMAIN ORIENTATION USING RDCS 
The method for precise orientation of protein domains described in Chapter 2 is quite 
universal, and can be used for proteins with more than two domains. However, the 
extremely precise domain orientation is only of interest in rare cases. The most useful 
and reasonable application of our method is the case of receptor-ligand interactions 
when receptor function is very sensitive to domain orientation, and when effects of 
multiple  ligands  on  the  structure  need  to  be observed. Ligand binding domains of 
ligand gated ion channels, being important targets of drug development, are perhaps 
some of the best systems for application of our method. 
The first x-ray crystal structure of GluR3 S1S2 has been solved in our lab (Ahmed, 
Wang et al. 2009). While high-yield expression of GluR3 S1S2 in minimal medium 
has not been demonstrated yet, it seems reasonable to expect that it will be achieved in 
the near future. NMR studies of this protein will then begin. Considering the very high 
sequence  identity  between  GluR2  and  GluR3,  our  findings  about  required 
concentrations of alignment media can be directly applied to GluR3. Also, based on 
our  observation  that  the  five  media  we  used  do  not  yield  independent  alignment 
tensors, the number of alignment media for initial structure refinement can be reduced 
to as few as two, e.g. positively charged gel and alkyl-PEG/hexanol. 
Another application that is already possible is to GluR2 S1S2 dimer. Since the dimer 
form is functionally significant to the function of full GluR2, it is interesting to see 
whether  the  process  of  dimerization  alters  ligand  binding  properties  of  S1S2,  as 
characterized by the relative domain orientation. One can imagine studying either the 
self-dimerizing  L483Y  mutant  of  S1S2,  or  a  dimer  formed  after  addition  of 
cyclothiazide to ‘flip’ GluR2 S1S2 (Sun, Olson et al. 2002). Dimer of GluR2 S1S2 is   99
around 56 kDa in size, making it fairly large for NMR study. As mentioned in Chapter 
2, precise measurement of NH RDCs is complicated for large proteins by the fact that 
the  anti-TROSY  component  of  HSQC  spectrum  becomes  severely  broadened  and 
weakened because of the fast relaxation of magnetization (Tugarinov and Kay 2003). 
This can be partially overcome by using a pulse sequence that creates a mixture of 
TROSY  and  anti-TROSY  components.  The  HNCO  based  experiment  described  in 
(Yang, Venters et al. 1999) requires uniform 
13C labeling of a protein, which can make 
this method too expensive when protein yield from bacterial culture is relatively low. 
Fortunately, the coupling enhanced TROSY (CE-TROSY) method of (Jain, Noble et 
al. 2003) does not require 
13C labeling. We obtained the CE-TROSY pulse sequence 
from professor Jain, and performed some initial alignment experiments with L483Y 
mutant. Even though the protein was not deuterated, and experiments were performed 
using  a  room  temperature  probe  on  our  500  MHz  spectrometer,  we  were  able  to 
measure several dozen NH RDCs, giving us an opportunity to estimate the degree of 
alignment.  We  found  that  the  dimer  aligns  approximately  2-fold  weaker  than  the 
monomer  in  PEG/hexanol  medium.  On  the  other  hand,  degree  of  alignment  in 
positively charged gel appeared about the same as for the monomer. Notice that a 
dimer  with  56  kDa  total  mass  is  much  more  amenable  to  NMR  study  than  a 
monomeric protein with the same mass. Indeed, the number of peaks in a spectrum for 
a stable symmetric dimer is the same as for the monomer; and equal mass amounts of 
the dimer and the monomer will result in the same amounts of signal (neglecting the 
relaxation losses). In fact, thanks to similar considerations it was possible to study the 
homo-heptameric co-chaperonin GroES in complex with the chaperonin GroEL, total 
molecular weight being ~900 kDa (Fiaux, Bertelsen et al. 2002)! 
A symmetric dimer possesses additional useful properties from the point of view of 
RDC application. Namely, because of the symmetry, one of the axes of the alignment   100
tensor is always parallel to the symmetry axis of the dimer (Bewley and Clore 2000; 
Wang,  Bansal  et  al.  2008). This additional constraint can be incorporated into our 
Xplor-NIH Python scripts, and will be helpful in the refinement process. 
Notice that for an axially symmetric protein oligomer with more than two subunits, 
not only is the direction of one axis of an alignment tensor parallel to the symmetry 
axis, but also the rhombicity of an alignment tensor is always zero (Al-Hashimi, Bolon 
et al. 2000; Jain, Noble et al. 2003). 
 
SELECTIVE LABELING AND DYNAMICS OF SIDE CHAINS 
The work described in Chapter 3 involved establishing several new techniques for 
Oswald lab: selective isoleucine-leucine-valine labeling using pyruvate or alpha-keto-
acids as precursors, 
13C spin-lock experiments for 
13CHD2 methyl isotopomers, 
13C 
relaxation dispersion CPMG experiments. These techniques will almost definitely be 
useful in some future projects in the lab. 
While we were able to obtain some semi-quantitative data in our relaxation dispersion 
experiments,  our  pulse  sequence  clearly  produced  some  carbon  chemical  shift  – 
dependent artifacts. As pointed out in (Skrynnikov, Mulder et al. 2001), presence of 
carbon-bound deuterons presents a problem for CPMG frequencies below ~250 Hz, 
and  the  most  viable  solution  is  to  change  the  labeling  scheme,  i.e.  use 
13CH3 
isotopomer instead of 
13CHD2. Moreover, the same paper describes a pulse-sequence 
that  suppresses  interference  from  external  protons  –  something  that  our  sequence 
didn’t  do  (although  in  our  case  there  was  a  much  lower  concentration  of  protons 
within  hydrophobic  cores).  In  the  work  described  in  this  dissertation,  attempting 
relaxation dispersion experiments was an afterthought, and we were also under time 
and budget constraints, so it is hardly surprising that our results were not of the highest 
quality. These results, nevertheless, showed what to look for, if a study of GluR2 S1S2   101
focused  on  relaxation  dispersion  is  undertaken  in  the  future.  Apart  from  using 
appropriate isotopomeric configuration of methyls, and a well-written pulse sequence 
it is highly desirable to do experiments at an additional magnetic field (at least 700 
MHz), which is a standard practice for relaxation dispersion studies. This will allow 
for calculation of the populations of the two states, and also of the chemical shift 
differences  between  the  two  states  for  each  methyl  group  undergoing  exchange 
(Millet, Loria et al. 2000).  
Again,  one  potential  project  would  be  to  look  into  effects  of dimer formation. As 
demonstrated in (Tugarinov and Kay 2005), spin-lock 
13CHD2 labeled experiments 
can be successfully applied to proteins with tumbling times of more than 42 ns (82 
kDa protein in H2O at 37 °C). It then seems quite reasonable to expect that it will be 
possible  to  do  spin-lock  experiments  with  dimerized  S1S2  on  our  500  MHz 
spectrometer. These experiments could show whether dimerization affects ordering of 
the hydrophobic cores, and whether dimerization leads to different ordering processes 
when binding to various ligands, as compared to the monomer.  102
APPENDIX 1  
Residue numbering in GluR2 S1S2 construct and intact GluR2 
 
1  GLY  390    43  ILE  432    85  ILE  474    127  LEU  639 
2  ALA  391    44  ALA  433    86  ALA  475    128  SER  640 
3  ASN  392    45  LYS  434    87  ILE  476    129  LYS  641 
4  LYS  393    46  HIS  435    88  ALA  477    130  GLN  642 
5  THR  394    47  CYS  436    89  PRO  478    131  THR  643 
6  VAL  395    48  GLY  437    90  LEU  479    132  GLU  644 
7  VAL  396    49  PHE  438    91  THR  480    133  ILE  645 
8  VAL  397    50  LYS  439    92  ILE  481    134  ALA  646 
9  THR  398    51  TYR  440    93  THR  482    135  TYR  647 
10  THR  399    52  LYS  441    94  LEU  483    136  GLY  648 
11  ILE  400    53  LEU  442    95  VAL  484    137  THR  649 
12  LEU  401    54  THR  443    96  ARG  485    138  LEU  650 
13  GLU  402    55  ILE  444    97  GLU  486    139  ASP  651 
14  SER  403    56  VAL  445    98  GLU  487    140  SER  652 
15  PRO  404    57  GLY  446    99  VAL  488    141  GLY  653 
16  TYR  405    58  ASP  447    100  ILE  489    142  SER  654 
17  VAL  406    59  GLY  448    101  ASP  490    143  THR  655 
18  MET  407    60  LYS  449    102  PHE  491    144  LYS  656 
19  MET  408    61  TYR  450    103  SER  492    145  GLU  657 
20  LYS  409    62  GLY  451    104  LYS  493    146  PHE  658 
21  LYS  410    63  ALA  452    105  PRO  494    147  PHE  659 
22  ASN  411    64  ARG  453    106  PHE  495    148  ARG  660 
23  HIS  412    65  ASP  454    107  MET  496    149  ARG  661 
24  GLU  413    66  ALA  455    108  SER  497    150  SER  662 
25  MET  414    67  ASP  456    109  LEU  498    151  LYS  663 
26  LEU  415    68  THR  457    110  GLY  499    152  ILE  664 
27  GLU  416    69  LYS  458    111  ILE  500    153  ALA  665 
28  GLY  417    70  ILE  459    112  SER  501    154  VAL  666 
29  ASN  418    71  TRP  460    113  ILE  502    155  PHE  667 
30  GLU  419    72  ASN  461    114  MET  503    156  ASP  668 
31  ARG  420    73  GLY  462    115  ILE  504    157  LYS  669 
32  TYR  421    74  MET  463    116  LYS  505    158  MET  670 
33  GLU  422    75  VAL  464    117  LYS  link    159  TRP  671 
34  GLY  423    76  GLY  465    118  GLY  link    160  THR  672 
35  TYR  424    77  GLU  466    119  THR  link    161  TYR  673 
36  CYS  425    78  LEU  467    120  PRO  link    162  MET  674 
37  VAL  426    79  VAL  468    121  ILE  link    163  ARG  675 
38  ASP  427    80  TYR  469    122  GLU  634    164  SER  676 
39  LEU  428    81  GLY  470    123  SER  635    165  ALA  677 
40  ALA  429    82  LYS  471    124  ALA  636    166  GLU  678 
41  ALA  430    83  ALA  472    125  GLU  637    167  PRO  679 
42  GLU  431    84  ASP  473    126  ASP  638    168  SER  680   103
 
 
169  VAL  681    201  GLU  713    233  ALA  745 
170  PHE  682    202  GLN  714    234  VAL  746 
171  VAL  683    203  ARG  715    235  ASN  747 
172  ARG  684    204  LYS  716    236  LEU  748 
173  THR  685    205  PRO  717    237  ALA  749 
174  THR  686    206  CYS  718    238  VAL  750 
175  ALA  687    207  ASP  719    239  LEU  751 
176  GLU  688    208  THR  720    240  LYS  752 
177  GLY  689    209  MET  721    241  LEU  753 
178  VAL  690    210  LYS  722    242  ASN  754 
179  ALA  691    211  VAL  723    243  GLU  755 
180  ARG  692    212  GLY  724    244  GLN  756 
181  VAL  693    213  GLY  725    245  GLY  757 
182  ARG  694    214  ASN  726    246  LEU  758 
183  LYS  695    215  LEU  727    247  LEU  759 
184  SER  696    216  ASP  728    248  ASP  760 
185  LYS  697    217  SER  729    249  LYS  761 
186  GLY  698    218  LYS  730    250  LEU  762 
187  LYS  699    219  GLY  731    251  LYS  763 
188  TYR  700    220  TYR  732    252  ASN  764 
189  ALA  701    221  GLY  733    253  LYS  765 
190  TYR  702    222  ILE  734    254  TRP  766 
191  LEU  703    223  ALA  735    255  TRP  767 
192  LEU  704    224  THR  736    256  TYR  768 
193  GLU  705    225  PRO  737    257  ASP  769 
194  SER  706    226  LYS  738    258  LYS  770 
195  THR  707    227  GLY  739    259  GLY  771 
196  MET  708    228  SER  740    260  GLU  772 
197  ASN  709    229  SER  741    261  CYS  773 
198  GLU  710    230  LEU  742    262  GLY  774 
199  TYR  711    231  GLY  743    263  SER  775 
200  ILE  712    232  ASN  744   
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APPENDIX 2  
GluR2 S1S2 expression and purification protocol 
 
Expression 
To prepare perdeuterated protein, all growth (including preculture) was performed in 
fully D2O-based M9 medium with 4 g/L of glucose, 1 g/L of ammonium chloride, 50 
mg/L of kanamycin, and 1x MEM vitamins. Typically 15 ml of preculture was grown 
at 37 °C, seeded from glycerol stock.  It took upwards of 48 hours for the preculture to 
achieve  visibly  high  OD.  Large  culture  was  started  using an amount of preculture 
dependent on when it was desirable to induce the culture (taking into account that the 
doubling time is around 3 hours). The culture was grown at 37 °C until it reached 
OD560=0.6-0.8, and then induced with 0.6 mM IPTG. The induction was allowed to 
proceed for around 12 hours at 37 °C. Cells were then collected by centrifuging at 
6000g for 15 minutes. 
 
Initial purification. Since the protein is expressed in inclusion bodies, it is not easily 
accessible to protease degradation. For this reason the initial purification can entirely 
be done at room temperature.  
Resuspend  cells  in  25  ml  (per  1  liter  of  culture)  of  buffer  A  (50  mM  Tris-HCl, 
pH=8.0,  1  mM  EDTA,  100  mM  NaCl)  supplemented  with  1  mM  PMSF.  Add 
lysozyme  and  deoxycolate  to  1  mg/mL  and  let  the  mixture  incubate  at  room 
temperature for about 30 min. Stirring accelerates the process. Add 1 mg of DNAse 
per 25 ml (a stock of 1 mg/ml in 1 M MgCl2 was used). Let incubate until viscosity 
returns to that of water. Use sonication if necessary. 
Spin down and keep the pellet. Resuspend (with sonication) in equal volume of buffer 
B (50 mM Tris-HCl, pH=8.0, 10 mM EDTA, 100 mM NaCl, 0.5% Triton X-100) with 
1 mM PMSF. 
Spin down and keep the pellet. Resuspend (with sonication) in equal volume of buffer 
C (20 mM Tris-HCl, pH=7.4, 1 mM EDTA, 200 mM NaCl) with 1 mM PMSF. Spin 
down and keep the pellet.   105
Denature the pellet in about 30 ml of Ni-column buffer (6M GndHCl, 100 mM Tris 
pH 8, 2 mM beta-mercaptoethanol). Use sonication. Cool to 4 °C. Spin down at 32 
krpm. The pellet will contain mostly lipids. Keep the supernatant. 
 
Nickel column. Run the supernatant on Ni column. Wash with “Ni-column buffer” + 
10 mM imidazole. Elute S1S2 with “Ni-column buffer” + 200 mM imidazole. Add 
DTT to the eluted protein solution to 3 mM concentration. 
 
Add 4M buffer (4M GndHCl, 20 mM NaOAc, pH=4.5) to total volume of around 100 
ml. Add DTT to 3 mM. Adjust pH to 4.5. Start refolding. 
 
Each round of refolding is as follows. Dialyze the unfolded protein against 4 L of 
arginine buffer (0.65 M arginine, 20 mM Tris-HCl pH=8.5, 1 mM EDTA, 10 mM 
NaCl, 2 mM KCl, 1 mM glutamate) for at least 10 hours. Move the dialysis bag into 4 
L  of  buffer  4  (20  mM  Tris-HCl  pH=7.4,  200  mM  NaCl,  1  mM  EDTA,  1  mM 
glutamate) and dialyze for at least 10 hours. (Presence of glutamate in these buffers is 
crucial). 
Spin down the content of the dialysis bag. The supernatant contains solubilized S1S2. 
The pellet is denatured and then goes into the next round of refolding. (Starting with 
the second refold, protein is denatured in “denaturing buffer” (7.5 M GndHCl, 100 
mM Tris-HCl pH=8.0, 5 mM EDTA) with 3 mM DTT). 
 
Sizing column (gel filtration column). Solubilized protein is concentrated to about 10 
ml and run on a sizing column (with buffer 4). It is preferable to run the protein from 
different  rounds  of  refolding  separately  in  case  of  high  protein  yield  (100  ml  at 
OD>0.15), because the protein can be prone to aggregation when highly concentrated. 
 
Trypsin digestion. Usually four rounds of refolding are sufficient, although more can 
be  attempted.  All  the  protein  purified  on  sizing  column  is  pooled  together  and 
concentrated to OD280 of ~0.75 to prepare for trypsin cut. Different amounts of trypsin   106
can be used in a “trial cut” in small volume reactions to make sure to use enough but 
not too much for the full-scale digestion. CaCl2 must be added to 10 mM in reaction 
mixtures. The reaction time at room temperature is around 40 min, and it is stopped by 
two  additions  of  PMSF  to  1  mM  each  3  min  apart,  and  one  addition  of  1  mM 
benzamidine. Typical trypsin:S1S2 molar ratio in the optimal reaction is in the range 
of  1:200  to  1:600.  To  figure  out  which  reaction  mixture  performed the cut to the 
desirable extent, run PAGE, including non-cut protein as a reference. 
 
Ion-exchange  column.  The  cut  protein  is  dialyzed  into  S-column  buffer  (20  mM 
NaOAc  pH=6,  1  mM  EDTA,  1  mM  glutamate).  The  resulting  protein  solution  is 
concentrated to ~10-15 ml and loaded on S-column. A gradient of salt concentration is 
used to elute the protein. Usually the protein comes out around 50 mM NaCl. The 
gradient should not be too steep to insure separation of foreign proteins and non-cut 
S1S2. 
 
Preparation for NMR. The fractions from the ion-exchange column run, believed to 
contain cut S1S2, are pooled together and concentrated if necessary. The solution is 
then dialyzed against NMR buffer (25 mM NaOAc, 10 mM glutamate, 1 mM NaN3, 
pH=5).  Since  this  stock  protein  may  need  to  be  kept  for  a  long  time  before 
experiments are performed, it is not reasonable to make it highly concentrated. OD280 
of this stock solution was measured and subsequently used to estimate the amounts 
necessary to prepare NMR samples. The desired amount of the protein in a sample is 
around  2.5  mg  of  S1S2  in  250  mL  volume,  which  corresponds to OD280=10 upon 
concentration.  Concentration  was  performed  using  Amicon  Ultra-4  (10K) 
concentrators (4 ml volume). D2O was added to the sample to around 12% v/v.   107
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APPENDIX 4  
RDCs of S1S2 bound to glutamate in five alignment media 
*RDC  values  are  given  in  Hz.  Residue  numbers  are  shown  in  bold  for  residues  used  in 
refinement. See Chapter 2 for the description of the alignment media. 
 
Residue #  PEG  DLPC  4% gel  CPBr  Charged gel 
2  1.3  1.8  -0.4  1.7  4.2 
3  2.5  2.2  −  4.1  0.3 
4  −  −  14.8  9.9  9.5 
7  5.7  9.2  -5.8  -7.1  -8.3 
8  −  7.4  −  -15.5  -7.9 
9  14.1  25.6  20.1  -8.3  -0.9 
10  19.1  30.4  33.3  −  12.2 
12  13.8  9.4  21.8  38.9  18.2 
13  -15.2  -14.2  -25.3  -23.4  − 
14  -7.6  -6.4  -9.4  -19.4  -15.1 
16  −  -2.0  -12.4  -14.0  6.5 
17  -22.1  -27.8  −  −  − 
18  -10.8  0.4  −  −  -3.5 
19  -21.6  -31.8  -30.4  -29.4  − 
20  -12.3  -14.0  -18.7  -9.2  -7.2 
21  16.2  19.8  31.2  −  − 
22  2.2  6.1  7.9  −  -8.5 
23  -14.7  -20.6  −  -5.7  − 
24  -6.3  -6.8  −  −  − 
26  -17.9  -29.9  -26.6  -22.1  -10.6 
27  3.3  4.3  6.0  12.3  − 
28  14.9  18.7  29.4  32.9  18.1 
29  -22.7  -9.5  -30.7  -27.2  8.0 
33  -11.3  -19.2  -18.6  -18.6  -7.4 
34  -10.2  -6.9  -13.4  -8.3  -11.3 
35  −  -18.0  −  -11.0  − 
36  1.8  -2.2  2.1  -20.2  -5.7 
37  −  −  −  -3.9  -9.2 
39  -7.3  -13.5  −  −  − 
42  -22.8  -10.1  −  -28.5  − 
44  -6.9  −  -15.5  24.5  − 
45  -19.6  -1.8  −  -25.9  − 
47  -6.3  -1.9  -13.0  -30.1  -27.1 
48  -3.8  -10.1  -8.6  −  -1.8 
49  -9.3  -15.6  −  11.3  − 
50  -0.5  -3.8  -3.9  15.4  8.0 
52  6.1  7.2  -7.5  −  −   110
54  13.7  20.3  16.1  -3.9  -0.2 
55  10.4  −  −  8.4  − 
56  16.6  18.8  33.5  45.5  20.0 
57  -8.7  -6.1  -16.5  -25.6  -13.1 
58  6.8  5.6  8.5  -19.7  -3.4 
59  -24.1  -20.9  -36.7  -29.6  -16.9 
61  -23.4  −  −  −  -18.9 
62  -20.0  -16.8  -24.5  -29.8  -14.9 
63  13.6  13.6  28.1  22.4  10.5 
64  5.3  -6.0  17.5  20.7  -8.9 
65  -21.8  −  -24.8  -17.3  -5.3 
66  -4.9  −  -14.0  −  -6.5 
67  4.4  10.6  -3.0  −  -7.0 
69  -20.6  -13.5  −  −  − 
70  -3.3  -2.2  -5.3  -12.4  -7.0 
71  -18.6  −  -24.2  -22.3  -17.8 
72  -6.6  -10.3  -2.9  −  -2.9 
73  16.8  22.3  27.6  10.4  12.4 
74  -14.6  7.2  −  −  -2.1 
75  -11.1  -29.0  −  −  -8.4 
77  -12.6  -16.4  −  -0.4  -1.3 
80  -8.6  -5.5  -5.0  −  − 
84  7.3  18.6  -4.8  −  − 
85  15.1  30.1  −  −  -1.3 
86  15.2  26.9  16.4  -9.7  -2.6 
87  18.0  25.0  34.2  17.8  15.0 
88  12.9  24.5  6.8  -13.6  -9.3 
90  -15.5  -21.2  -20.3  -21.2  -17.0 
91  6.8  12.9  8.9  −  -5.5 
92  9.7  8.0  14.8  40.6  17.0 
93  -8.7  -14.0  -4.5  11.4  5.0 
94  -16.4  −  -14.6  -1.6  -5.2 
95  −  -1.4  -20.6  −  21.2 
96  -0.9  0.0  1.8  −  − 
98  -18.7  -15.1  -25.0  -31.9  − 
99  -9.6  -1.6  -14.1  0.4  -3.8 
100  -12.6  -26.3  -7.3  2.8  − 
102  8.9  15.5  6.2  −  − 
103  14.4  25.6  16.6  -8.9  -10.4 
107  −  14.0  −  7.8  9.3 
110  7.5  19.2  -0.4  -16.0  -10.6 
111  8.2  20.8  1.2  -16.3  -12.6 
112  −  6.8  −  29.3  12.9 
113  17.5  26.7  4.6  −  − 
114  11.7  6.5  20.9  −  −   111
116  -2.2  -7.9  -9.5  2.9  1.3 
118  13.7  21.2  19.5  0.4  3.6 
124  0.8  4.8  3.1  -7.3  -2.7 
125  11.1  −  16.3  −  − 
128  9.1  14.7  13.0  13.1  8.8 
129  6.9  6.5  6.3  21.5  8.2 
130  -23.9  −  −  -23.9  − 
131  -20.4  -26.1  -31.1  -20.6  -13.7 
132  10.7  21.1  −  −  15.8 
133  11.1  14.1  17.7  4.3  3.7 
134  10.6  15.5  4.5  -17.6  -10.3 
135  6.5  7.7  -0.4  15.9  5.2 
136  6.1  0.6  −  −  5.8 
137  15.5  22.7  27.0  40.8  25.2 
139  11.0  16.4  9.7  -13.7  2.4 
140  −  -5.2  -14.5  -10.0  -12.3 
141  -21.1  -29.3  −  -31.4  − 
142  -10.7  -9.1  -20.0  -14.2  − 
143  -2.0  -9.1  -4.5  −  − 
144  −  2.6  -6.7  -4.3  − 
145  -12.2  -21.6  −  -18.4  − 
149  -3.2  -4.7  -16.2  -10.9  -11.0 
150  −  17.8  −  -17.4  − 
152  -6.8  -12.6  -9.7  -11.8  -7.5 
153  16.8  21.2  24.8  6.5  9.1 
154  17.1  26.5  29.5  24.4  − 
155  14.7  25.6  21.0  −  − 
156  15.2  7.7  −  −  − 
157  −  12.7  −  −  -1.0 
159  18.0  26.7  29.3  −  7.8 
160  17.7  19.9  −  −  13.1 
161  17.4  32.3  33.1  −  22.9 
163  15.8  18.2  24.1  12.1  8.5 
164  12.6  18.9  27.3  36.9  22.5 
165  5.0  13.3  11.8  -0.6  4.7 
166  -20.1  -4.0  -25.0  -12.7  -12.9 
171  14.4  24.1  29.5  12.4  11.1 
172  5.8  18.1  3.3  -21.9  -9.6 
173  −  −  -26.3  -27.0  -12.4 
174  -20.2  -14.7  -26.9  -26.4  − 
177  -22.5  -11.4  −  −  − 
178  -5.7  -6.1  −  −  − 
179  -20.9  -11.3  −  -9.1  − 
182  −  -8.3  -24.1  −  − 
184  -6.1  6.8  -2.4  -16.0  −   112
186  −  10.2  23.7  −  − 
187  11.5  15.7  9.2  -8.5  -2.5 
188  6.5  5.0  −  12.0  11.1 
189  3.2  10.3  -3.8  10.0  1.6 
191  15.9  17.3  24.5  −  − 
193  5.3  2.2  20.9  26.2  13.0 
194  7.9  14.6  -0.3  -17.5  -11.6 
195  7.1  9.2  -2.2  2.4  -2.8 
196  3.2  -1.2  −  −  -9.3 
198  2.4  3.1  -6.0  -23.3  -8.4 
199  6.3  20.1  -0.4  −  − 
200  6.4  13.2  −  -5.7  -9.1 
201  2.4  -0.8  0.5  −  − 
202  -7.7  -4.9  −  2.5  1.2 
203  -2.8  -2.8  -13.4  -7.8  -8.2 
204  -17.8  -31.0  −  -21.6  -18.1 
209  2.1  1.4  -0.9  13.4  6.5 
210  3.3  -2.6  0.7  15.8  − 
212  1.6  -2.1  -2.2  19.1  12.2 
213  -8.4  -13.5  -18.0  -16.2  -16.0 
215  11.9  11.1  14.8  −  -3.2 
216  4.7  0.9  -4.0  −  -10.2 
217  6.4  9.2  -2.4  -5.5  -6.1 
218  6.4  7.8  -4.5  -11.5  -9.5 
220  10.7  18.7  −  34.9  − 
224  4.9  4.2  4.5  -7.6  -6.6 
226  0.4  7.5  3.0  3.1  1.4 
227  6.3  5.1  17.9  31.1  18.0 
228  -22.4  -12.0  −  -27.0  − 
229  11.5  14.1  21.9  31.4  − 
230  10.3  9.3  17.7  26.0  11.4 
231  8.7  4.2  8.9  31.5  9.9 
236  1.5  -1.0  −  −  − 
238  11.6  −  -15.8  −  − 
244  6.1  25.2  25.2  35.6  − 
245  6.5  3.5  -3.5  -2.0  -7.0 
249  -8.5  -5.1  −  −  − 
255  −  7.1  −  −  -2.5 
256  -11.2  -1.0  -13.9  -21.5  -6.6 
257  3.7  4.4  3.2  1.8  − 
258  −  -1.0  -3.9  8.3  − 
259  8.5  9.6  11.6  2.9  2.7 
262  -9.2  -10.3  -11.7  -11.2  -9.0 
263  4.3  7.8  5.9  10.5  5.9 
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APPENDIX 5  
RDCs of S1S2 bound to various ligands 
*RDC values are in Hz, and were measured in alkyl-PEG/hexanol medium (Chapter 2). 
 
Res #  FW  HW  ClW  NW  BrW  IW  UBP277  kainate 
2  1.7  1.7  1.6  1.8  1.8  1.5  1.4  1.3 
3  2.4  4.4  3.5  3.7  −  3.2  2.2  2.5 
4  9.6  14.4  11.6  11.9  −  9.7  9.0  10.3 
5  12.2  19.3  13.8  14.2  11.8  11.6  9.8  − 
6  −  −  8.9  9.4  −  −  −  − 
7  6.1  7.7  6.7  5.4  5.0  3.4  3.9  7.1 
8  7.9  3.6  4.9  −  −  6.9  7.0  6.8 
9  −  22.9  18.4  19.5  −  16.8  13.9  17.7 
10  20.5  31.8  24.8  24.8  20.4  21.6  17.9  19.1 
11  −  −  −  −  −  −  −  19.2 
12  14.2  21.9  15.6  16.7  14.1  14.1  16.1  16.8 
13  -15.7  -22.3  -19.5  -19.7  -16.6  -17.6  -10.3  -13.6 
14  -9.1  -10.5  -10.1  -10.1  -7.4  -6.3  -4.5  -4.8 
16  -0.6  −  -10.9  -17.7  −  -5.7  −  − 
17  -23.4  −  -24.7  -28.6  −  −  -22.7  − 
18  -7.9  −  -10.9  -12.7  −  −  -2.5  -10.0 
19  -23.2  −  -27.7  -27.0  4.6  17.9  -19.3  − 
20  -14.9  -21.4  -18.3  -17.6  -12.6  -13.3  -14.7  -16.9 
21  17.0  25.5  19.8  19.9  15.1  17.1  14.7  17.4 
22  −  5.1  1.3  2.0  1.6  2.0  3.9  3.4 
23  -13.9  −  -16.9  -16.9  -8.6  -14.3  -17.7  -18.3 
24  -10.9  −  −  -15.4  −  -12.6  −  -14.8 
26  -19.5  -30.9  -22.4  -23.0  -16.1  -18.8  -18.4  -19.3 
27  −  9.1  4.5  4.7  5.9  5.5  5.7  − 
28  15.5  25.7  18.3  18.6  15.6  15.7  16.0  16.8 
29  -23.9  -31.0  -26.7  -31.3  -19.6  -25.4  -22.1  -24.5 
33  -13.2  -17.6  -15.4  -14.3  -12.5  -12.2  -10.1  -10.7 
34  -10.3  −  -11.6  -11.3  -9.8  -9.6  -4.4  -8.8 
35  -12.9  -19.4  -27.3  -28.4  -19.7  −  -20.1  -21.6 
36  0.4  −  1.5  -0.1  1.4  −  3.8  − 
37  -14.2  −  −  -11.8  −  −  5.1  -15.7 
39  −  −  −  −  −  −  -18.7  -15.8 
40  −  −  −  -9.5  -2.6  −  -3.2  − 
41  −  −  -18.5  -18.3  -12.3  −  -13.7  -14.1 
42  -24.2  −  -26.9  -24.4  -26.4  -25.0  -20.4  -21.2 
43  -8.9  -8.3  -10.8  -8.7  −  -8.0  -4.8  -5.8 
44  −  −  -11.1  -10.6  −  -9.6  -4.5  − 
45  -19.0  −  -23.0  -22.7  -17.4  -20.0  -18.4  -19.8   114
46  -18.1  −  -24.5  −  -18.6  -15.8  −  -19.4 
47  -7.1  -7.9  -9.6  -8.1  -6.3  -6.9  -5.2  -5.3 
48  -6.3  -5.3  -6.5  -7.1  -4.2  -4.9  -5.6  -4.8 
49  -11.3  -14.0  -14.1  -12.2  -8.1  -10.0  -14.2  -14.8 
50  -1.7  -1.7  -2.8  -2.5  -1.9  -1.6  -2.9  -2.6 
51  −  9.2  −  7.2  5.2  −  −  7.6 
52  −  9.3  8.3  8.8  3.8  6.9  7.2  7.7 
53  −  −  −  −  1.3  −  3.4  2.1 
54  −  −  13.8  −  14.8  15.0  13.7  − 
55  12.9  −  14.9  −  −  −  −  − 
56  16.6  25.1  19.6  20.4  17.1  16.6  13.4  14.8 
57  -10.2  -13.2  -13.0  -13.0  -9.1  −  −  -9.0 
58  10.1  11.3  9.9  10.5  8.8  10.1  10.4  − 
59  -27.6  -39.4  -31.7  -31.8  -29.0  -25.9  -19.2  − 
60  −  −  −  −  −  −  -12.7  -13.7 
61  -27.7  5.9  3.9  -30.4  −  −  −  -27.4 
62  -18.4  -28.2  -22.8  -22.9  -18.3  -18.2  -12.5  -17.4 
63  13.9  20.3  17.7  16.4  12.4  −  10.1  12.5 
64  4.1  4.7  5.7  4.9  3.7  2.5  0.0  2.4 
65  -19.8  -32.9  -24.6  -25.3  -21.3  -20.0  -20.9  − 
66  -6.4  -8.3  -8.2  -7.8  -5.3  -6.4  -3.7  − 
67  5.3  5.2  6.4  5.8  4.6  5.5  4.8  3.9 
68  2.5  4.6  3.3  3.1  2.0  3.5  2.0  2.6 
69  -23.2  −  -26.9  -26.1  -20.4  -19.5  -18.7  -21.1 
70  -3.7  -3.6  -3.9  -4.1  -2.5  -1.8  -0.3  -0.7 
71  -20.5  -30.7  -23.8  -24.6  −  -19.2  −  − 
73  16.9  28.0  21.2  22.1  17.5  18.6  18.1  20.4 
74  -13.5  −  -18.9  −  −  -8.8  −  -18.4 
75  −  -21.7  −  −  -14.4  -25.5  −  − 
76  −  −  -19.5  -21.3  -15.8  12.1  -18.6  -17.6 
77  -13.8  −  -14.5  -16.8  -11.7  -11.7  −  -13.4 
80  -11.5  -0.6  −  -9.8  −  −  −  -8.8 
81  9.9  12.5  12.2  9.2  7.9  6.8  3.7  5.7 
83  2.8  -0.8  4.2  2.6  0.7  −  4.2  4.3 
84  9.3  10.0  7.0  9.4  5.3  6.6  7.7  8.6 
85  19.9  23.6  20.2  19.9  14.7  11.0  16.0  18.3 
86  17.5  22.4  19.5  20.5  15.0  17.6  15.0  17.3 
87  20.0  29.4  23.8  24.7  19.4  19.6  16.7  20.1 
88  14.1  19.5  17.5  17.0  12.4  13.0  12.5  15.1 
90  -16.9  -24.1  -22.0  -17.7  −  -16.0  −  -16.2 
91  7.7  15.4  8.6  10.7  8.4  −  7.0  − 
92  10.4  16.3  12.1  10.4  11.3  4.2  9.8  11.6 
93  -11.5  -17.7  -12.8  -13.8  -10.9  -10.6  -11.7  -11.3 
94  -18.9  -22.9  -21.2  -22.8  -19.0  -18.8  -18.7  -23.2 
95  -18.7  −  -20.1  -19.7  -15.2  -21.5  −  -19.0   115
96  -1.8  -3.5  -3.5  -5.0  -2.8  -4.2  −  -3.5 
97  −  −  -23.0  -23.2  −  −  −  − 
98  −  −  −  -27.4  −  -18.1  −  -21.3 
99  -10.9  -10.5  -10.8  -12.3  -9.7  -10.2  -12.9  -8.5 
100  −  −  -15.1  -20.0  -13.5  -13.7  −  -19.9 
101  −  -0.3  2.5  −  -0.5  1.1  -4.7  -3.7 
102  −  −  −  −  7.6  9.7  8.9  9.2 
103  15.6  21.2  18.3  19.3  14.2  14.9  14.3  18.0 
106  −  5.6  10.7  13.3  −  −  −  − 
107  −  4.5  5.7  9.4  −  8.3  −  10.6 
108  −  −  −  −  −  6.0  −  10.3 
109  −  −  −  −  −  8.6  9.4  7.2 
110  7.5  10.8  8.6  10.8  7.3  4.6  −  9.1 
111  9.1  12.1  11.5  11.0  5.3  7.6  10.5  10.3 
112  −  −  −  10.8  12.0  8.3  −  − 
114  6.6  23.9  12.2  10.8  10.3  14.5  18.4  13.9 
115  5.7  −  8.9  9.8  −  −  −  3.7 
116  −  −  −  −  −  -3.8  −  -7.4 
117  −  −  −  −  −  −  -10.4  -10.6 
118  14.1  20.1  16.5  17.6  13.5  13.9  7.9  11.3 
124  -0.2  0.2  -1.2  -1.1  0.2  −  -9.1  -6.1 
125  10.8  18.5  12.7  11.5  11.7  10.4  1.0  6.9 
128  8.1  13.1  8.8  5.6  8.7  8.4  0.1  3.0 
129  6.2  7.1  7.2  6.3  8.3  6.6  0.7  3.8 
130  -24.7  −  -30.0  -29.5  -24.9  -25.1  -25.1  -27.0 
131  -22.8  -32.7  -26.0  -27.0  -20.5  -22.9  -18.4  -22.5 
132  12.5  21.5  11.5  20.6  12.4  −  15.3  13.9 
133  12.6  15.7  15.4  15.8  10.3  11.1  16.2  15.2 
134  10.8  12.6  12.2  13.1  9.2  −  8.6  − 
135  5.5  9.7  6.7  6.0  5.9  4.6  -0.4  4.2 
136  6.4  10.8  8.4  8.6  7.2  6.1  3.8  5.1 
137  15.1  23.9  18.6  17.6  16.8  12.6  9.2  11.3 
138  18.3  −  21.9  22.1  15.8  −  −  15.2 
139  11.5  16.5  13.7  14.7  8.2  12.3  12.5  − 
140  -3.2  -6.7  -4.1  -1.1  -3.3  -2.2  -1.6  7.7 
141  -14.9  -22.0  -16.8  -14.2  -14.3  −  -4.3  2.1 
142  -12.3  -16.9  -14.6  -16.0  -11.8  -13.1  −  -8.7 
143  −  −  -0.4  -4.1  -2.1  1.5  -3.8  2.3 
144  −  -17.6  −  -10.1  −  −  −  -3.6 
145  −  −  −  -15.4  −  -13.9  −  -15.1 
146  −  −  −  −  −  −  −  − 
147  −  1.8  −  −  −  4.4  −  − 
148  −  −  -10.6  -5.1  −  -7.4  −  -8.9 
149  -4.7  -5.0  -3.6  -4.3  -3.8  -2.9  -6.4  -6.4 
150  −  17.4  15.8  16.3  10.7  14.3  13.8  −   116
151  −  −  −  −  −  −  -13.8  -9.0 
152  -5.8  -10.0  -7.5  -6.1  -7.0  -5.1  -1.7  − 
153  19.0  26.5  21.2  22.9  17.0  18.5  18.3  20.2 
154  18.0  −  22.4  22.2  21.6  20.7  18.2  − 
155  16.0  29.9  19.2  19.9  12.9  12.2  14.2  16.6 
156  −  −  −  −  −  17.0  24.6  − 
157  −  22.9  22.4  23.7  −  22.5  −  21.4 
158  −  −  −  −  11.7  17.2  10.3  − 
159  20.2  26.4  23.1  23.8  18.8  19.4  16.8  19.7 
160  19.3  30.3  23.3  22.9  19.2  19.8  20.0  22.4 
161  18.0  30.1  21.8  21.5  19.3  19.9  12.7  17.3 
162  −  -25.8  −  −  −  22.7  −  19.1 
163  17.7  25.4  21.2  22.0  16.3  17.0  17.8  19.7 
164  14.8  22.2  16.8  16.5  15.3  11.4  16.7  18.3 
165  4.9  8.8  5.7  5.2  4.6  5.0  -4.5  0.1 
166  -21.3  −  −  −  −  −  -13.3  -18.1 
168  15.4  −  18.6  19.2  −  15.2  17.6  19.2 
170  −  −  −  −  12.7  −  4.3  − 
171  18.3  −  −  −  17.9  17.2  12.1  15.1 
172  4.3  −  −  −  -20.1  4.4  5.0  5.2 
173  -21.8  -31.7  -25.2  -25.5  -19.6  -19.9  -17.9  -22.3 
174  -21.1  -34.0  -25.8  -26.6  -22.1  -20.2  -19.0  -25.5 
175  -24.2  -31.7  -27.8  −  -22.6  -23.9  -14.1  -20.9 
176  −  −  −  −  0.4  10.3  −  -12.7 
177  -22.7  -36.6  -24.4  -27.3  -21.4  -22.6  -23.6  -27.2 
178  −  0.6  −  -30.7  −  −  −  − 
179  -15.7  −  -17.2  −  −  −  −  − 
180  −  29.4  -17.4  -16.8  −  -18.1  −  -2.1 
182  −  −  −  −  -18.3  -27.5  -21.7  − 
184  -8.3  -9.0  -9.5  -7.8  -5.7  -7.3  -12.5  -12.2 
186  -21.4  −  -25.2  -25.6  -20.7  −  -12.1  -17.8 
187  11.1  15.8  14.9  14.2  8.5  7.9  13.9  − 
188  7.3  10.9  8.6  7.9  6.4  5.4  4.7  6.0 
189  2.8  6.4  5.0  5.0  2.1  5.9  -0.6  0.3 
190  8.6  −  12.3  13.1  −  −  −  − 
191  15.7  13.1  17.4  19.5  5.0  11.0  14.6  16.1 
193  11.6  −  −  −  11.8  13.2  16.4  12.7 
194  9.3  8.1  9.5  11.0  6.1  7.2  8.6  10.5 
195  6.2  10.7  6.4  3.9  5.5  4.2  6.3  6.4 
196  −  −  −  −  -4.9  −  4.4  3.9 
198  3.9  1.9  2.5  4.6  −  0.6  3.6  4.6 
199  −  −  -11.4  -13.2  6.8  −  2.2  − 
202  -2.8  -7.7  -5.5  -4.7  -4.7  −  −  -0.5 
203  -4.5  -11.2  -6.9  -5.7  -4.6  -6.3  -10.1  -6.9 
204  −  −  -18.4  −  -18.7  -18.4  -22.9  -24.4   117
206  −  −  −  −  −  −  -10.9  -17.9 
207  −  −  −  −  −  -6.3  1.2  -0.1 
208  -15.9  -22.0  -19.4  -20.1  -12.7  -14.6  -23.2  -20.6 
209  0.4  1.7  -0.4  1.1  -0.4  -1.7  -6.7  -2.5 
210  −  −  2.4  2.9  −  -2.3  -2.5  − 
211  10.0  −  11.5  −  10.1  10.9  −  13.0 
212  0.8  2.9  1.8  2.0  3.3  2.7  −  3.6 
213  -10.0  -16.9  -11.5  -12.2  -11.7  -9.9  -11.6  -13.4 
214  −  20.9  14.5  13.9  −  13.3  6.9  10.0 
215  12.8  11.3  -26.9  -23.2  9.4  −  13.8  16.7 
216  8.3  8.3  9.0  6.8  2.4  6.3  4.9  9.3 
217  6.9  11.0  8.9  8.4  5.9  5.7  5.9  7.7 
218  5.8  10.3  7.7  7.3  5.1  7.3  5.8  6.2 
219  7.1  13.2  8.8  8.2  7.6  6.7  10.2  − 
220  9.2  16.8  13.6  13.2  11.9  −  −  11.8 
221  11.7  −  14.1  15.2  −  12.1  −  15.0 
223  13.0  16.8  15.7  16.6  11.5  −  11.8  14.3 
224  6.3  5.6  7.3  7.5  3.3  6.1  1.2  3.5 
226  0.6  2.5  0.6  0.7  2.0  -1.4  −  − 
227  5.6  9.6  7.5  6.7  5.6  7.3  0.5  3.3 
228  -24.2  -36.8  -28.2  -28.8  -23.3  -23.6  -25.0  -24.9 
229  12.4  18.5  14.3  14.4  11.3  11.5  8.9  9.6 
230  11.1  16.9  13.4  12.4  13.2  10.6  12.7  12.1 
231  7.6  14.7  9.4  8.3  8.9  6.3  6.3  7.9 
232  −  1.4  0.6  -1.2  1.8  1.2  -3.7  − 
233  9.5  12.8  9.7  10.3  −  7.8  5.2  − 
236  -2.9  -17.8  -3.3  -3.4  −  -5.4  −  -1.8 
238  −  −  11.4  −  −  9.0  −  -2.0 
244  12.7  −  14.8  14.9  10.5  7.5  15.1  11.5 
245  8.2  −  5.8  7.1  5.7  5.2  6.1  7.0 
247  10.3  12.8  −  −  −  −  −  14.2 
249  -7.2  -5.7  -13.4  -9.5  -3.5  −  -8.5  -4.8 
250  10.3  −  2.7  6.1  −  −  −  − 
252  −  2.3  1.5  −  0.5  −  −  − 
253  −  −  7.8  8.3  −  −  −  − 
254  −  -21.6  −  −  -15.4  −  −  − 
255  5.9  −  6.6  9.7  −  −  -12.4  8.3 
256  -11.9  −  −  −  -7.1  −  −  -16.4 
257  -0.8  1.4  0.9  2.7  1.4  −  −  − 
258  2.6  6.4  −  −  −  −  −  − 
259  12.5  17.6  12.5  11.4  11.1  10.8  16.1  14.6 
260  3.6  3.9  −  1.5  −  −  −  − 
262  -10.5  -15.6  -11.8  -12.2  -9.5  -8.4  -8.6  -10.5 
263  5.4  7.3  5.7  5.4  4.4  4.4  5.4  5.7 
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APPENDIX 6  
Pyruvate deuteration protocol 
 
To follow the selective labeling protocol described in (Ishima, Louis et al. 2001) it 
was necessary to obtain pyruvate selectively labeled with 
13C in the methyl position, 
with predominant isotopomeric configuration of 
13CHD2. Due to the very high price 
tag on this exact compound, we decided to obtain it using non-deuterated pyruvate as 
the  starting  material.  Unlike  for  a-ketobutyrate  and  a-ketoisovalerate,  high  pH 
conditions could not be used for pyruvate, because pyruvate polymerizes at high pH. 
We found that at very low pH at elevated temperature methyl hydrogens of pyruvate 
efficiently exchange with solution. To perform a large reaction 2 g of sodium pyruvate 
were dissolved in 40 ml of deuterated water with pH adjusted to pH=1 using 35% wt/v 
DCl. The mixture was kept at 60°C for the duration of reaction (~30 hours). 
Tracking the reaction using 1D hydrogen spectra would require having a reference 
compound in the mixture, that would be chemically stable at the harsh conditions, and 
whose hydrogens would not exchange with the solvent. As an alternative we chose 
taking  1D  carbon  spectra,  which  proved  much  more  informative,  and  required  no 
reference  compound.  We  observed  that  carbon  spectra  showed  presence  of  two 
apparently  rather  different  chemicals  in  the  solution  (peaks  separated  by 
approximately 1.3 ppm). From the fact that both peaks showed exchange of hydrogens 
for deuterons at the same rate, we concluded that one of the peaks was a substance in 
dynamic equilibrium with pyruvate. At pH=1 the downfield peak is about 2-fold more 
intense, while at pH=7 it is about 4-fold more intense, from which we concluded that 
the  downfield  peak  is  most  likely  pyruvate.  (Notice  that  it  doesn’t  matter  for  our 
purposes, since both substances exchange at the same rate.)   119
Zooming  in  on  the  pyruvate  peak,  the  1D  carbon  spectra  taken  with  hydrogen 
decoupling  were  very  simple,  with  signals  corresponding  to  different  isotopomers 
clearly separated from each other. In the beginning of the reaction the spectrum shows 
a singlet corresponding to CH3 configuration. Within a few hours it is easy to see a 
triplet corresponding to CH2D appearing, whose central peak is shifted by 0.23 ppm 
upfield from the singlet, and whose peaks are spaced in 0.16 ppm increments. Later on 
a quintet corresponding to CHD2 is observed with its central peak shifted by 0.47 ppm 
upfield from the singlet. At this point no peaks are overlapping and it is still easy to 
judge the progress of the reaction. If the reaction is allowed to proceed for too long 
then the septet corresponding to CD3 configuration is observed that overlaps the CH2D 
triplet. 
Since it was quite obvious that at no point in time the desired CHD2 isotopomer of 
pyruvate completely dominates other species, we had to decide what was the optimal 
time to stop the reaction. To this end we derived and solved the differential equations 
describing the time evolution of amounts of each of the isotopomers in solution. The 
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Notice that the rate of the conversion to the next isotopomer is proportional to the 
number  of  hydrogens  in  the  starting  isotopomers.  That  is  because  hydrogens  and 
deuterons have equal probabilities of exchanging with the solvent, but only exchange 
of  a  hydrogen  creates  a  different  isotopomer.  The  system  of  differential  equations 
describing the exchange reaction is 
0 0 3kX dt dX - =   
1 0 1 2 3 kX kX dt dX - =   
2 1 2 2 kX kX dt dX - =   
2 3 kX dt dX =    120
where X0=[CH3], X1=[CH2D], X2=[CHD2], X3=[CD3]. The solution to this system of 
equations is 
) 3 exp( 0 kt A X - =  
( ) ) 3 exp( ) 2 exp( 3 1 kt kt A X - - - =  
( ) ) 3 exp( ) 2 exp( 2 ) exp( 3 2 kt kt kt A X - + - - - =  
( ) ) 3 exp( ) 2 exp( 3 ) exp( 3 1 3 kt kt kt A X - - - + - - =  
where X0 + X1 + X2 + X3 = A. 
The function X2 has a single maximum at  k t / 3 ln max = . Since the exact value of k is 
not known, the maximum can be determined experimentally from the condition that 
the total CHD2 signal is 2-fold the total CH2D signal (because  2 ) ( ) ( max 1 max 2 = t X t X ). 
The pulse sequence of (Ishima, Louis et al. 1999) effectively suppresses the signal 
from CH2D isotopomers, but much less effectively the signal from CH3. Thus the ratio 
0 2 / X X  should be considered. At the time tmax this ratio is equal to 12, which should 
be enough in most cases.   121
APPENDIX 7  
CHSQC peak assignments for GluR2 S1S2 bound to various ligands 
 
Glutamate 
Methyl ID  w w w w 
13C  w w w w 
1H    Methyl ID  w w w w 
13C  w w w w 
1H 
Val6 g1  21.016  0.405    Val99 g2  21.791  0.930 
Val6 g2  21.208  0.309    Ile100  14.584  0.051 
Val7 g1  21.088  0.992    Leu109 d1  23.345  -0.178 
Val7 g2  21.367  0.970    Leu109 d2  24.542  1.098 
Val8 g1  20.286  0.777    Ile111  10.363  0.599 
Val8 g2  21.007  0.688    Ile113  13.177  0.568 
Ile11  13.634  0.472    Ile115  14.677  0.966 
Leu12 d1  23.370  0.693    Ile121  16.308  0.251 
Leu12 d2  25.239  0.903    Ile133  13.913  0.685 
Val17  20.688  0.346    Ile152  11.176  0.915 
Leu26 d1  21.749  0.780    Val154 g1  19.430  0.561 
Leu26 d2  26.553  0.746    Val171  20.556  0.683 
Val37 g1  21.260  1.080    Val178 g1  21.136  1.112 
Val37 g2  23.726  0.685    Val178 g2  22.413  1.039 
Leu39 d1  22.675  0.519    Val181 g1  22.163  0.323 
Leu39 d2  25.007  0.037    Val181 g2  24.758  1.271 
Ile43  12.176  0.570    Leu191  24.879  0.572 
Leu53 d1  21.599  0.939    Leu192  26.098  1.026 
Leu53 d2  25.820  0.535    Ile200  15.009  -0.105 
Ile55  8.100  0.004    Val211 g1  19.783  0.749 
Val56 g1  17.500  0.905    Val211 g2  21.167  0.806 
Val56 g2  19.890  0.907    Leu215  24.133  0.596 
Ile70  11.006  0.707    Ile222  12.286  0.687 
Val75 g1  20.519  -0.230    Leu230  23.354  0.610 
Val75 g2  20.969  0.949    Val234  21.795  0.989 
Leu78 d1  22.689  0.314    Leu236 d1  22.188  0.889 
Leu78 d2  26.782  0.354    Leu236 d2  25.141  1.219 
Val79 g1  21.038  0.341    Val238  23.541  1.144 
Val79 g2  22.217  0.232    Leu239 d1  22.787  0.938 
Ile85  15.100  0.569    Leu239 d2  25.019  0.909 
Ile87  12.078  0.645    Leu241 d1  22.835  0.815 
Leu90 d1  24.452  0.291    Leu241 d2  25.595  0.594 
Leu90 d2  26.498  0.727    Leu246 d1  23.942  0.903 
Ile92  13.679  -0.098    Leu246 d2  24.153  0.943 
Leu94 d1  22.936  0.881    Leu247  24.587  0.933 
Leu94 d2  24.736  0.947    Leu250 d1  22.560  0.910 
Val95  21.557  1.089    Leu250 d2  24.233  0.664 




Methyl ID  w w w w 
13C  w w w w 
1H    Methyl ID  w w w w 
13C  w w w w 
1H 
Val6 g1  21.023  0.407    Ile100  15.013  0.072 
Val6 g2  21.188  0.318    Leu109 d1  23.830  -0.343 
Val7 g1  21.032  0.993    Leu109 d2  24.548  1.138 
Val7 g2  21.367  0.970    Ile111  11.957  0.949 
Val8 g1  20.308  0.784    Ile113  13.218  0.594 
Val8 g2  20.895  0.690    Ile115  14.722  0.950 
Ile11  13.547  0.464    Ile121  16.241  0.231 
Leu12 d1  23.477  0.711    Ile133  13.944  0.686 
Leu12 d2  25.236  0.916    Ile152  11.149  0.913 
Val17  20.772  0.358    Val154 g1  19.351  0.542 
Leu26 d1  21.768  0.780    Val154 g2  22.767  0.758 
Leu26 d2  26.099  0.744    Val171  20.562  0.657 
Val37 g1  21.260  1.080    Val178 g1  21.195  1.108 
Val37 g2  23.761  0.700    Val178 g2  22.274  1.044 
Leu39 d1  22.633  0.515    Val181 g1  22.249  0.327 
Leu39 d2  24.973  0.029    Val181 g2  24.959  1.290 
Ile43  11.993  0.570    Leu191  25.221  0.577 
Leu53 d1  21.671  0.932    Leu192  26.098  1.026 
Leu53 d2  25.776  0.542    Ile200  14.858  -0.049 
Ile55  8.053  0.013    Val211 g1  19.774  0.759 
Val56 g1  17.508  0.899    Val211 g2  21.248  0.824 
Val56 g2  19.843  0.881    Leu215  24.234  0.590 
Ile70  11.054  0.712    Ile222  12.373  0.697 
Val75 g1  20.944  -0.091    Leu230  23.297  0.616 
Val75 g2  21.016  0.952    Val234  21.790  0.993 
Leu78 d1  22.570  0.317    Leu236 d1  22.185  0.882 
Leu78 d2  26.779  0.360    Leu236 d2  25.129  1.198 
Val79 g1  20.916  0.310    Val238  23.596  1.148 
Val79 g2  22.364  0.256    Leu239 d1  22.925  0.908 
Ile85  15.042  0.560    Leu239 d2  25.031  0.913 
Ile87  12.063  0.646    Leu241 d1  23.053  0.812 
Leu90 d1  24.474  0.279    Leu241 d2  25.540  0.576 
Leu90 d2  26.539  0.752    Leu246 d1  23.822  0.900 
Ile92  13.592  -0.094    Leu246 d2  24.238  0.938 
Leu94 d1  23.102  0.869    Leu247  24.621  0.930 
Leu94 d2  24.736  0.947    Leu250 d1  22.629  0.911 
Val95  21.763  1.070    Leu250 d2  24.244  0.682 
Val99 g1  17.341  -0.205         
Val99 g2  21.688  0.871         




Methyl ID  w w w w 
13C  w w w w 
1H    Methyl ID  w w w w 
13C  w w w w 
1H 
Val6 g1  21.065  0.405    Ile100  14.564  0.046 
Val6 g2  21.168  0.308    Leu109 d1  23.640  -0.394 
Val7 g1  21.081  0.984    Leu109 d2  24.601  1.094 
Val7 g2  21.391  0.971    Ile111  11.146  0.888 
Val8 g1  20.259  0.779    Ile113  13.236  0.604 
Val8 g2  20.990  0.689    Ile115  14.702  0.916 
Ile11  13.642  0.475    Ile121  16.329  0.244 
Leu12 d1  23.336  0.690    Ile133  13.876  0.685 
Leu12 d2  25.291  0.911    Ile152  11.231  0.935 
Val17  20.678  0.335    Val154 g1  19.274  0.511 
Leu26 d1  21.759  0.778    Val154 g2  22.809  0.760 
Leu26 d2  26.560  0.765    Val171  20.489  0.651 
Val37 g1  21.270  1.079    Val178 g1  21.054  1.127 
Val37 g2  23.705  0.688    Val178 g2  22.495  1.037 
Leu39 d1  22.640  0.515    Val181 g1  22.176  0.326 
Leu39 d2  24.989  0.041    Val181 g2  24.825  1.279 
Ile43  12.086  0.565    Leu191  25.240  0.602 
Leu53 d1  21.611  0.928    Leu192  26.152  1.030 
Leu53 d2  26.050  0.583    Ile200  15.315  -0.019 
Ile55  8.170  -0.006    Val211 g1  19.952  0.795 
Val56 g1  17.587  0.902    Val211 g2  21.293  0.835 
Val56 g2  20.012  0.910    Leu215  24.127  0.590 
Ile70  11.020  0.709    Ile222  12.362  0.684 
Val75 g1  20.581  -0.201    Leu230  23.374  0.606 
Val75 g2  20.995  0.953    Val234  21.783  0.984 
Leu78 d1  22.415  0.345    Leu236 d1  22.118  0.874 
Leu78 d2  26.763  0.356    Leu236 d2  25.183  1.210 
Val79 g1  21.003  0.335    Val238  23.585  1.140 
Val79 g2  22.164  0.231    Leu239 d1  22.819  0.925 
Ile85  15.127  0.572    Leu239 d2  24.996  0.914 
Ile87  12.089  0.646    Leu241 d1  22.679  0.878 
Leu90 d1  24.552  0.274    Leu241 d2  25.514  0.570 
Leu90 d2  26.540  0.746    Leu246 d1  23.792  0.902 
Ile92  13.543  -0.102    Leu246 d2  23.336  0.803 
Leu94 d1  23.030  0.883    Leu247  24.259  0.945 
Leu94 d2  24.651  0.943    Leu250 d1  22.670  0.911 
Val95  21.817  1.103    Leu250 d2  24.176  0.697 
Val99 g1  17.596  0.028         
Val99 g2  21.728  0.915         
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Chlorowillardiine 
 
Methyl ID  w w w w 
13C  w w w w 
1H    Methyl ID  w w w w 
13C  w w w w 
1H 
Val6 g1  21.074  0.406    Ile100  14.578  0.045 
Val6 g2  21.17  0.313    Leu109 d1  23.455  -0.335 
Val7 g1  21.047  0.984    Leu109 d2  24.651  1.099 
Val7 g2  21.383  0.97    Ile111  11.653  0.896 
Val8 g1  20.279  0.782    Ile113  13.264  0.609 
Val8 g2  20.988  0.692    Ile115  14.725  0.916 
Ile11  13.636  0.472    Ile121  16.324  0.245 
Leu12 d1  23.342  0.682    Ile133  13.897  0.684 
Leu12 d2  25.307  0.912    Ile152  11.262  0.935 
Val17  20.796  0.346    Val154 g1  19.277  0.514 
Leu26 d1  21.76  0.778    Val154 g2  22.773  0.748 
Leu26 d2  26.535  0.765    Val171  20.502  0.655 
Val37 g1  21.237  1.087    Val178 g1  21.047  1.126 
Val37 g2  23.665  0.691    Val178 g2  22.532  1.037 
Leu39 d1  22.643  0.523    Val181 g1  22.18  0.328 
Leu39 d2  25.025  0.063    Val181 g2  24.85  1.272 
Ile43  12.172  0.572    Leu191  25.388  0.604 
Leu53 d1  21.624  0.93    Leu192  26.151  1.033 
Leu53 d2  25.973  0.587    Ile200  15.218  -0.036 
Ile55  8.164  -0.003    Val211 g1  19.822  0.807 
Val56 g1  17.57  0.902    Val211 g2  21.338  0.848 
Val56 g2  20.031  0.914    Leu215  24.122  0.589 
Ile70  11.024  0.708    Ile222  12.378  0.696 
Val75 g1  20.618  -0.192    Leu230  23.41  0.602 
Val75 g2  20.986  0.956    Val234  21.775  0.983 
Leu78 d1  22.336  0.254    Leu236 d1  22.134  0.875 
Leu78 d2  26.744  0.357    Leu236 d2  25.158  1.206 
Val79 g1  20.982  0.334    Val238  23.594  1.14 
Val79 g2  22.151  0.231    Leu239 d1  22.852  0.838 
Ile85  15.126  0.572    Leu239 d2  24.995  0.915 
Ile87  12.087  0.65    Leu241 d1  23.056  0.816 
Leu90 d1  24.529  0.262    Leu241 d2  25.48  0.567 
Leu90 d2  26.528  0.749    Leu246 d1  24.16  0.707 
Ile92  13.523  -0.109    Leu246 d2  23.602  0.791 
Leu94 d1  23.06  0.884    Leu247  24.266  0.938 
Leu94 d2  24.635  0.942    Leu250 d1  22.729  0.91 
Val95  21.834  1.103    Leu250 d2  24.217  0.683 
Val99 g1  17.579  0.013         




Methyl ID  w w w w 
13C  w w w w 
1H    Methyl ID  w w w w 
13C  w w w w 
1H 
Val6 g1  21.074  0.402    Ile100  14.705  0.048 
Val6 g2  21.151  0.308    Leu109 d1  23.722  -0.341 
Val7 g1  21.102  0.960    Leu109 d2  24.620  1.099 
Val7 g2  21.401  0.971    Ile111  10.265  0.898 
Val8 g1  20.276  0.780    Ile113  13.293  0.604 
Val8 g2  20.909  0.689    Ile115  14.739  0.919 
Ile11  13.678  0.478    Ile121  16.379  0.246 
Leu12 d1  23.422  0.695    Ile133  13.924  0.684 
Leu12 d2  25.273  0.907    Ile152  11.294  0.942 
Val17  20.860  0.360    Val154 g1  19.246  0.502 
Leu26 d1  21.764  0.781    Val154 g2  22.825  0.750 
Leu26 d2  26.601  0.767    Val171  20.557  0.657 
Val37 g1  21.252  1.091    Val178 g1  21.056  1.130 
Val37 g2  23.760  0.711    Val178 g2  22.539  1.039 
Leu39 d1  22.578  0.512    Val181 g1  22.202  0.324 
Leu39 d2  24.924  0.013    Val181 g2  24.936  1.287 
Ile43  12.007  0.569    Leu191  25.428  0.568 
Leu53 d1  21.669  0.932    Leu192  26.163  1.024 
Leu53 d2  25.937  0.574    Ile200  15.170  -0.011 
Ile55  8.211  0.010    Val211 g1  19.951  0.804 
Val56 g1  17.607  0.900    Val211 g2  21.292  0.849 
Val56 g2  20.031  0.910    Leu215  24.200  0.591 
Ile70  11.019  0.710    Ile222  12.392  0.695 
Val75 g1  20.705  -0.160    Leu230  23.358  0.612 
Val75 g2  21.017  0.946    Val234  21.780  0.983 
Leu78 d1  22.401  0.340    Leu236 d1  22.090  0.869 
Leu78 d2  26.782  0.354    Leu236 d2  25.074  1.205 
Val79 g1  20.966  0.328    Val238  23.600  1.146 
Val79 g2  22.176  0.228    Leu239 d1  22.666  0.911 
Ile85  15.126  0.567    Leu239 d2  25.010  0.912 
Ile87  12.120  0.646    Leu241 d1  23.095  0.836 
Leu90 d1  24.539  0.269    Leu241 d2  25.412  0.594 
Leu90 d2  26.520  0.754    Leu246 d1  24.148  0.723 
Ile92  13.426  -0.111    Leu246 d2  23.737  0.794 
Leu94 d1  23.028  0.882    Leu247  24.406  0.935 
Leu94 d2  24.670  0.944    Leu250 d1  22.415  0.889 
Val95  21.839  1.106    Leu250 d2  24.287  0.730 
Val99 g1  17.549  -0.022         
Val99 g2  21.700  0.901         




Methyl ID  w w w w 
13C  w w w w 
1H    Methyl ID  w w w w 
13C  w w w w 
1H 
Val6 g1  21.106  0.363    Ile100  15.323  -0.100 
Val6 g2  21.034  0.295    Leu109 d1  24.749  -0.458 
Val7 g1  21.269  0.985    Leu109 d2  25.065  1.072 
Val7 g2  21.334  0.960    Ile111  9.959  0.842 
Val8 g1  20.285  0.763    Ile113  13.261  0.587 
Val8 g2  21.035  0.629    Ile115  14.766  0.886 
Ile11  13.279  0.383    Ile121  16.617  0.259 
Leu12 d1  23.219  0.657    Ile133  13.843  0.683 
Leu12 d2  25.387  0.917    Ile152  11.261  0.936 
Val17  20.734  0.364    Val154 g1  19.260  0.502 
Leu26 d1  21.763  0.777    Val154 g2  22.876  0.744 
Leu26 d2  26.245  0.567    Val171  20.680  0.654 
Val37 g1  21.233  1.069    Val178 g1  21.045  1.167 
Val37 g2  23.801  0.693    Val178 g2  22.218  1.046 
Leu39 d1  22.746  0.550    Val181 g1  22.115  0.324 
Leu39 d2  25.218  0.009    Val181 g2  24.871  1.336 
Ile43  11.611  0.560    Leu191  25.327  0.593 
Leu53 d1  20.384  0.837    Leu192  26.137  1.016 
Leu53 d2  26.009  0.594    Ile200  15.002  -0.080 
Ile55  8.216  0.072    Val211 g1  17.928  0.638 
Val56 g1  18.199  0.906    Val211 g2  21.059  0.830 
Val56 g2  20.032  0.879    Leu215  24.260  0.608 
Ile70  11.052  0.710    Ile222  12.876  0.682 
Val75 g1  21.467  0.010    Leu230  23.380  0.628 
Val75 g2  20.953  0.947    Val234  21.804  0.993 
Leu78 d1  22.464  0.336    Leu236 d1  22.095  0.865 
Leu78 d2  26.727  0.349    Leu236 d2  25.201  1.216 
Val79 g1  20.897  0.290    Val238  23.679  1.157 
Val79 g2  22.097  0.238    Leu239 d1  22.665  0.907 
Ile85  14.928  0.546    Leu239 d2  24.955  0.904 
Ile87  12.109  0.601    Leu241 d1  22.851  0.835 
Leu90 d1  24.502  0.273    Leu241 d2  25.594  0.566 
Leu90 d2  26.537  0.748    Leu246 d1  24.196  0.751 
Ile92  13.928  0.117    Leu246 d2  23.688  0.876 
Leu94 d1  22.828  0.888    Leu247  24.467  0.941 
Leu94 d2  24.661  0.938    Leu250 d1  22.293  0.958 
Val95  21.519  1.149    Leu250 d2  24.005  0.723 
Val99 g1  17.420  -0.308         
Val99 g2  21.693  0.924         




Methyl ID  w w w w 
13C  w w w w 
1H    Methyl ID  w w w w 
13C  w w w w 
1H 
Val6 g1  21.126  0.402    Ile100  14.998  0.016 
Val6 g2  21.157  0.307    Leu109 d1  23.769  -0.570 
Val7 g1  21.166  0.980    Leu109 d2  24.686  1.129 
Val7 g2  21.343  0.966    Ile111  10.717  0.895 
Val8 g1  20.338  0.781    Ile113  13.411  0.551 
Val8 g2  21.043  0.690    Ile115  14.813  0.945 
Ile11  13.652  0.472    Ile121  16.557  0.270 
Leu12 d1  23.167  0.622    Ile133  13.942  0.689 
Leu12 d2  25.396  0.874    Ile152  11.282  0.923 
Val17  20.698  0.360    Val154 g1  19.208  0.485 
Leu26 d1  21.769  0.777    Val154 g2  22.762  0.771 
Leu26 d2  26.221  0.774    Val171  20.908  0.678 
Val37 g1  21.280  1.089    Val178 g1  21.094  1.189 
Val37 g2  23.716  0.693    Val178 g2  22.671  1.040 
Leu39 d1  22.749  0.573    Val181 g1  22.151  0.335 
Leu39 d2  25.256  0.111    Val181 g2  24.930  1.300 
Ile43  12.158  0.585    Leu191  25.550  0.578 
Leu53 d2  25.802  0.574    Leu192  26.115  1.031 
Ile55  8.179  -0.049    Ile200  14.874  -0.026 
Val56 g1  17.569  0.839    Val211 g1  19.049  0.794 
Val56 g2  20.177  0.884    Val211 g2  21.411  0.859 
Ile70  11.077  0.721    Leu215  24.031  0.613 
Val75 g1  21.125  -0.097    Ile222  12.805  0.717 
Val75 g2  20.978  0.943    Leu230  23.527  0.609 
Leu78 d1  22.407  0.316    Val234  21.752  0.984 
Leu78 d2  26.624  0.362    Leu236 d1  22.073  0.862 
Val79 g1  20.939  0.327    Leu236 d2  25.199  1.237 
Val79 g2  22.114  0.244    Val238  23.636  1.146 
Ile85  15.222  0.587    Leu239 d1  22.798  0.916 
Ile87  12.111  0.663    Leu239 d2  25.015  0.915 
Leu90 d1  24.602  0.271    Leu241 d1  23.132  0.825 
Leu90 d2  26.533  0.749    Leu241 d2  25.671  0.579 
Ile92  12.447  -0.464    Leu246 d1  24.216  0.722 
Leu94 d1  23.090  0.884    Leu246 d2  23.843  0.769 
Leu94 d2  24.550  0.937    Leu247  24.281  0.943 
Val95  21.375  1.177    Leu250 d1  22.357  0.908 
Val99 g1  17.503  -0.164    Leu250 d2  24.261  0.686 
Val99 g2  21.753  0.944         




Methyl ID  w w w w 
13C  w w w w 
1H    Methyl ID  w w w w 
13C  w w w w 
1H 
Val6 g1  21.173  0.389    Ile100  15.045  0.088 
Val6 g2  21.134  0.299    Leu109 d1  24.164  -0.592 
Val7 g2  21.300  0.957    Leu109 d2  25.490  0.976 
Val8 g1  20.317  0.775    Ile111  11.140  0.859 
Val8 g2  20.905  0.672    Ile113  13.430  0.556 
Ile11  13.694  0.488    Ile115  14.856  0.921 
Leu12 d1  22.983  0.625    Ile121  16.488  0.250 
Leu12 d2  25.423  0.904    Ile133  13.936  0.683 
Val17  20.698  0.360    Ile152  11.415  0.949 
Leu26 d1  21.769  0.777    Val154 g1  19.119  0.463 
Leu26 d2  26.682  0.763    Val154 g2  22.904  0.757 
Val37 g1  21.316  1.076    Val171  20.768  0.652 
Val37 g2  23.935  0.693    Val178 g1  20.966  1.175 
Leu39 d1  22.715  0.579    Val178 g2  22.687  1.035 
Leu39 d2  25.290  0.066    Val181 g1  22.113  0.331 
Ile43  11.889  0.569    Val181 g2  24.993  1.276 
Leu53 d2  25.802  0.574    Leu191  25.544  0.570 
Ile55  7.966  -0.033    Leu192  26.128  1.030 
Val56 g1  17.719  0.862    Ile200  14.841  -0.065 
Val56 g2  20.036  0.894    Val211 g1  19.215  0.792 
Ile70  11.054  0.718    Val211 g2  21.514  0.838 
Val75 g1  21.205  -0.031    Leu215  24.130  0.600 
Val75 g2  20.978  0.943    Ile222  12.846  0.680 
Leu78 d1  22.410  0.315    Leu230  23.476  0.607 
Leu78 d2  26.700  0.357    Val234  21.752  0.978 
Val79 g1  20.930  0.319    Leu236 d1  22.025  0.857 
Val79 g2  22.217  0.273    Leu236 d2  25.197  1.235 
Ile85  15.161  0.574    Val238  23.670  1.141 
Ile87  12.099  0.642    Leu239 d1  22.910  0.937 
Leu90 d1  24.581  0.263    Leu239 d2  24.986  0.908 
Leu90 d2  26.573  0.750    Leu241 d1  23.132  0.825 
Ile92  12.799  -0.295    Leu241 d2  25.654  0.592 
Leu94 d1  23.093  0.868    Leu246 d1  24.194  0.759 
Leu94 d2  24.676  0.940    Leu246 d2  24.125  0.786 
Val95  21.458  1.164    Leu247  24.486  0.928 
Val99 g1  17.240  -0.278    Leu250 d1  22.658  0.909 
Val99 g2  21.758  0.926    Leu250 d2  24.210  0.733 
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APPENDIX 8  
Results of spin-lock experiments with various ligands 
* R1 and R1r were directly extracted from exponential fits to experimental data. R2 was then 
calculated from R1, R1r, and carbon chemical shifts of each methyl. S
2 and tf were determined 
as fitting parameters yielding correct values of R1 and R2 (see Chapter 3). The S1S2 rotational 
correlation time tc, according to HydroNMR, is shown for each ligand. 
 
Glutamate (tc = 29 ns) 
 
R1, s
-1  R1r, s
-1  R2, s
-1  S
2  tf, ns  Methyl ID 
mean  SD  mean  SD  mean  SD  mean  SD  mean  SD 
Val6 g1  1.416  0.004  13.82  0.07  13.82  0.07  0.812  0.004  83.7  0.3 
Val6 g2  1.000  0.007  13.57  0.05  13.59  0.05  0.862  0.003  56.6  0.5 
Val7 g1  1.376  0.008  13.03  0.11  13.04  0.11  0.794  0.006  80.6  0.6 
Val7 g2  0.596  0.005  15.17  0.08  15.19  0.08  0.965  0.005  32.2  0.3 
Val8 g1  0.634  0.006  15.12  0.11  15.12  0.11  0.972  0.007  34.4  0.4 
Val8 g2  1.068  0.018  15.44  0.15  15.45  0.15  0.970  0.010  61.3  1.5 
Ile11  0.167  0.006  10.32  0.05  11.70  0.05  0.862  0.004  7.1  0.4 
Leu12 d1  0.906  0.003  7.36  0.08  7.50  0.08  0.452  0.006  49.2  0.2 
Leu12 d2  1.414  0.013  10.02  0.32  10.53  0.33  0.616  0.019  81.6  0.9 
Val17  0.690  0.004  15.19  0.13  15.19  0.13  0.967  0.009  37.8  0.3 
Leu26 d1  0.594  0.004  11.76  0.09  11.80  0.09  0.769  0.007  31.7  0.3 
Leu26 d2  0.696  0.005  12.10  0.08  13.23  0.09  0.860  0.005  37.8  0.3 
Val37 g1  1.613  0.015  17.53  0.18  17.55  0.18  1.098  0.011  100.6  1.0 
Val37 g2  0.849  0.008  14.09  0.21  14.46  0.22  0.930  0.016  47.3  0.6 
Leu39 d1  0.975  0.007  12.00  0.07  12.13  0.07  0.755  0.004  54.4  0.3 
Leu39 d2  1.013  0.013  12.72  0.08  13.35  0.09  0.841  0.006  57.1  0.8 
Ile43  0.595  0.008  4.61  0.08  5.41  0.10  0.349  0.007  31.6  0.5 
Leu53 d1  0.785  0.025  14.72  0.42  14.76  0.42  0.965  0.029  43.8  1.6 
Leu53 d2  0.975  0.005  5.91  0.07  6.29  0.07  0.346  0.004  53.0  0.3 
Ile55  0.345  0.009  6.21  0.16  8.77  0.23  0.623  0.016  17.5  0.5 
Val56 g1  0.166  0.010  13.32  0.48  13.67  0.50  0.949  0.027  6.6  0.5 
Val56 g2  0.602  0.008  14.24  0.16  14.26  0.16  0.905  0.010  32.5  0.3 
Ile70  0.478  0.005  3.10  0.06  3.77  0.07  0.244  0.006  25.2  0.2 
Val75 g1  0.827  0.005  13.51  0.12  13.51  0.12  0.870  0.008  45.7  0.4 
Val75 g2  1.290  0.019  14.61  0.06  14.62  0.06  0.899  0.003  75.7  1.2 
Leu78 d1  0.795  0.007  11.39  0.16  11.52  0.16  0.711  0.009  43.5  0.5 
Leu78 d2  0.792  0.004  11.72  0.08  12.89  0.09  0.840  0.004  43.6  0.3 
Val79 g1  1.582  0.009  11.59  0.10  11.60  0.10  0.687  0.007  94.0  0.6 
Val79 g2  1.005  0.005  10.84  0.07  10.91  0.07  0.683  0.005  56.1  0.3 
Ile85  0.226  0.004  10.46  0.16  11.33  0.17  0.817  0.012  10.5  0.3 
Ile87  0.313  0.003  10.11  0.08  12.10  0.09  0.865  0.007  15.5  0.2 
Leu90 d1  1.395  0.011  12.67  0.07  13.14  0.08  0.759  0.005  81.9  0.6   130
Leu90 d2  1.026  0.004  12.00  0.04  13.06  0.05  0.808  0.003  57.9  0.2 
Ile92  0.259  0.005  11.17  0.10  12.63  0.11  0.919  0.011  12.2  0.3 
Leu94 d1  0.779  0.008  7.72  0.24  7.83  0.24  0.478  0.014  42.0  0.5 
Leu94 d2  1.003  0.007  10.19  0.16  10.63  0.17  0.626  0.012  55.8  0.4 
Val95  0.817  0.006  4.89  0.08  4.91  0.08  0.275  0.006  43.8  0.4 
Val99 g1  0.962  0.011  12.20  0.12  12.48  0.12  0.759  0.010  53.6  0.8 
Val99 g2  0.967  0.010  12.77  0.17  12.81  0.17  0.829  0.013  54.4  0.6 
Ile100  0.175  0.005  8.00  0.08  8.79  0.09  0.621  0.007  8.1  0.2 
Leu109 d1  2.723  0.018  17.95  0.18  18.27  0.19  1.044  0.014  207.2  2.4 
Leu109 d2  1.007  0.008  12.52  0.14  13.02  0.15  0.773  0.010  56.6  0.5 
Ile111  0.361  0.020  8.18  0.30  10.46  0.38  0.754  0.028  18.6  1.1 
Ile113  0.280  0.008  9.63  0.22  11.07  0.26  0.787  0.020  13.7  0.5 
Ile115  0.407  0.007  9.58  0.07  10.48  0.07  0.730  0.004  21.1  0.3 
Ile121  0.400  0.004  12.58  0.14  13.21  0.14  0.960  0.010  20.5  0.2 
Ile133  0.467  0.004  7.51  0.09  8.39  0.10  0.590  0.008  24.4  0.2 
Ile152  0.488  0.011  5.87  0.10  7.20  0.12  0.499  0.009  25.8  0.6 
Val154 g1  1.523  0.005  6.13  0.11  6.15  0.11  0.309  0.007  86.6  0.3 
Val171  0.426  0.004  15.13  0.20  15.13  0.20  1.018  0.013  22.0  0.2 
Val178 g1  1.044  0.008  7.10  0.07  7.11  0.07  0.402  0.005  57.4  0.5 
Val178 g2  0.738  0.008  13.62  0.08  13.74  0.08  0.888  0.006  40.5  0.5 
Val181 g1  0.526  0.005  10.25  0.07  10.32  0.07  0.665  0.003  27.7  0.3 
Val181 g2  1.449  0.015  15.13  0.19  15.79  0.20  0.976  0.014  87.1  0.9 
Leu191  0.994  0.013  7.08  0.48  7.39  0.50  0.438  0.043  54.4  0.7 
Leu192  1.467  0.008  11.32  0.09  12.16  0.09  0.715  0.006  86.2  0.5 
Ile200  0.366  0.004  12.61  0.16  13.68  0.17  0.994  0.013  18.4  0.2 
Val211 g1  1.716  0.011  9.54  0.13  9.56  0.14  0.537  0.008  101.6  0.8 
Val211 g2  1.777  0.008  8.17  0.08  8.18  0.08  0.422  0.006  104.8  0.5 
Leu215  1.125  0.006  5.98  0.09  6.15  0.09  0.340  0.006  61.7  0.3 
Ile222  0.354  0.004  4.36  0.06  5.14  0.07  0.345  0.006  18.4  0.2 
Leu230  1.223  0.006  5.12  0.09  5.20  0.10  0.264  0.007  67.4  0.4 
Val234  0.847  0.006  14.13  0.10  14.18  0.10  0.932  0.007  47.2  0.4 
Leu236 d1  1.258  0.003  7.87  0.06  7.92  0.06  0.451  0.004  70.5  0.2 
Leu236 d2  1.564  0.010  12.55  0.13  13.18  0.13  0.748  0.007  93.3  0.7 
Val238  1.029  0.006  11.85  0.08  12.11  0.08  0.772  0.004  57.9  0.4 
Leu239 d1  1.485  0.013  10.09  0.29  10.21  0.29  0.567  0.016  86.0  0.8 
Leu239 d2  0.955  0.006  7.40  0.13  7.75  0.14  0.443  0.010  52.2  0.4 
Leu241 d1  0.869  0.003  7.24  0.05  7.33  0.05  0.442  0.003  47.1  0.2 
Leu241 d2  1.566  0.012  11.76  0.24  12.47  0.26  0.750  0.016  93.3  0.8 
Leu246 d1  0.766  0.003  3.61  0.15  3.70  0.15  0.193  0.011  40.7  0.2 
Leu246 d2  0.666  0.004  3.95  0.13  4.07  0.13  0.231  0.007  35.3  0.2 
Leu247  0.980  0.008  4.07  0.10  4.21  0.10  0.218  0.008  52.9  0.4 
Leu250 d1  0.833  0.004  6.77  0.13  6.83  0.13  0.393  0.009  45.0  0.2 
Leu250 d2  1.448  0.003  8.61  0.06  8.87  0.07  0.503  0.005  83.0  0.2 
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AMPA (tc = 29 ns) 
 
R1, s
-1  R1r, s
-1  R2, s
-1  S
2  tf, ns  Methyl ID 
mean  SD  mean  SD  mean  SD  mean  SD  mean  SD 
Val6 g1  1.392  0.016  14.10  0.11  14.11  0.11  0.834  0.005  82.2  1.2 
Val6 g2  0.967  0.015  13.78  0.13  13.79  0.13  0.881  0.011  54.6  1.2 
Val7 g1  1.330  0.021  11.37  0.13  11.38  0.13  0.687  0.009  76.6  1.1 
Val7 g2  0.608  0.005  13.87  0.11  13.89  0.11  0.878  0.006  32.8  0.3 
Val8 g1  0.629  0.013  13.46  0.13  13.46  0.13  0.859  0.007  34.0  0.7 
Val8 g2  1.034  0.024  13.71  0.34  13.71  0.34  0.848  0.021  58.5  1.3 
Ile11  0.150  0.005  9.48  0.11  10.78  0.12  0.793  0.009  6.1  0.3 
Leu12 d1  0.868  0.005  7.28  0.03  7.43  0.03  0.450  0.002  47.1  0.4 
Leu12 d2  1.448  0.015  7.53  0.07  7.90  0.08  0.433  0.005  82.3  0.8 
Val17  0.674  0.008  12.42  0.09  12.42  0.09  0.783  0.006  36.5  0.4 
Leu26 d1  0.600  0.005  10.46  0.11  10.50  0.11  0.682  0.008  31.9  0.3 
Leu26 d2  1.144  0.017  13.35  0.14  14.38  0.16  0.903  0.010  65.8  1.1 
Val37 g1  1.478  0.024  11.71  0.27  11.72  0.27  0.704  0.016  86.5  1.5 
Val37 g2  0.825  0.021  13.06  0.23  13.40  0.24  0.861  0.016  46.3  1.1 
Leu39 d1  0.983  0.005  10.54  0.04  10.65  0.04  0.653  0.003  54.6  0.4 
Leu39 d2  1.020  0.008  12.00  0.04  12.59  0.05  0.789  0.004  57.5  0.5 
Ile43  0.593  0.007  3.53  0.06  4.13  0.07  0.257  0.005  31.4  0.4 
Leu53 d1  0.809  0.024  13.23  0.26  13.27  0.26  0.857  0.019  45.5  1.4 
Leu53 d2  0.906  0.007  5.09  0.04  5.40  0.05  0.293  0.003  48.9  0.4 
Ile55  0.338  0.014  5.69  0.21  8.04  0.30  0.569  0.021  17.3  0.7 
Val56 g1  0.209  0.012  10.48  0.44  10.76  0.46  0.738  0.041  9.6  0.6 
Val56 g2  0.454  0.023  11.59  0.32  11.61  0.32  0.736  0.021  23.4  1.1 
Ile70  0.471  0.008  3.25  0.14  3.96  0.17  0.257  0.015  24.7  0.5 
Val75 g1  0.745  0.008  13.03  0.11  13.03  0.11  0.842  0.007  40.9  0.5 
Val75 g2  1.276  0.019  12.24  0.09  12.25  0.09  0.741  0.006  73.2  1.1 
Leu78 d1  0.745  0.022  10.08  0.20  10.18  0.21  0.631  0.015  40.2  1.3 
Leu78 d2  0.804  0.006  10.46  0.04  11.49  0.05  0.739  0.002  44.1  0.4 
Val79 g1  1.649  0.006  8.98  0.07  8.99  0.07  0.500  0.004  96.7  0.4 
Val79 g2  1.027  0.010  10.69  0.12  10.77  0.12  0.670  0.008  57.6  0.7 
Ile85  0.242  0.005  9.67  0.07  10.49  0.07  0.753  0.005  11.5  0.3 
Ile87  0.324  0.004  8.63  0.10  10.32  0.12  0.733  0.011  16.3  0.2 
Leu90 d1  1.415  0.011  11.31  0.10  11.72  0.10  0.665  0.007  82.2  0.6 
Leu90 d2  0.690  0.003  11.13  0.08  12.16  0.09  0.773  0.007  37.4  0.2 
Ile92  0.230  0.004  8.60  0.13  9.75  0.15  0.704  0.011  10.9  0.3 
Leu94 d1  0.843  0.003  4.58  0.03  4.64  0.03  0.254  0.002  45.2  0.2 
Leu94 d2  1.012  0.012  8.90  0.18  9.27  0.19  0.534  0.013  56.0  0.8 
Val95  0.803  0.007  4.82  0.07  4.83  0.07  0.272  0.005  43.1  0.4 
Val99 g1  1.126  0.010  11.18  0.14  11.48  0.14  0.681  0.007  63.5  0.6 
Val99 g2  1.038  0.017  13.18  0.23  13.22  0.23  0.854  0.014  58.7  1.1 
Ile100  0.179  0.007  9.11  0.10  9.89  0.11  0.699  0.008  8.1  0.5   132
Leu109 d1  2.196  0.028  17.16  0.19  17.60  0.20  1.047  0.014  148.9  2.8 
Leu109 d2  1.181  0.011  10.55  0.19  10.96  0.19  0.627  0.013  66.7  0.7 
Ile111  0.423  0.018  6.90  0.25  8.25  0.30  0.582  0.023  22.1  1.0 
Ile113  0.261  0.010  8.45  0.24  9.70  0.28  0.692  0.018  12.7  0.4 
Ile115  0.444  0.023  10.06  0.38  10.99  0.42  0.766  0.023  23.3  1.3 
Ile121  0.399  0.009  11.56  0.05  12.15  0.06  0.877  0.004  20.5  0.5 
Ile133  0.456  0.008  6.82  0.15  7.60  0.17  0.534  0.014  23.9  0.4 
Ile152  0.520  0.016  4.28  0.13  5.22  0.17  0.346  0.014  27.6  0.7 
Val154 g1  1.575  0.012  4.81  0.05  4.82  0.05  0.211  0.003  89.3  0.8 
Val154 g2  0.887  0.008  8.90  0.07  9.00  0.07  0.558  0.006  48.6  0.5 
Val171  0.424  0.006  13.64  0.13  13.64  0.13  0.913  0.008  21.8  0.4 
Val178 g1  1.092  0.004  6.14  0.08  6.14  0.08  0.334  0.006  60.0  0.3 
Val178 g2  0.707  0.004  13.65  0.10  13.75  0.10  0.889  0.007  38.7  0.2 
Val181 g1  0.530  0.009  10.38  0.11  10.46  0.11  0.673  0.008  28.0  0.5 
Val181 g2  1.380  0.030  14.01  0.13  14.68  0.14  0.907  0.011  81.9  2.5 
Leu191  0.932  0.009  3.58  0.61  3.74  0.64  0.181  0.037  49.9  0.5 
Leu192  1.468  0.007  9.93  0.08  10.65  0.09  0.612  0.007  85.2  0.5 
Ile200  0.380  0.003  11.08  0.11  12.07  0.12  0.872  0.010  19.4  0.2 
Val211 g1  1.673  0.057  9.67  0.39  9.69  0.39  0.553  0.024  98.6  4.0 
Val211 g2  1.722  0.022  8.20  0.11  8.21  0.11  0.432  0.008  101.0  1.4 
Leu215  1.114  0.006  4.78  0.05  4.92  0.06  0.256  0.004  60.8  0.3 
Ile222  0.394  0.008  4.72  0.09  5.54  0.11  0.372  0.007  20.5  0.4 
Leu230  1.179  0.004  5.19  0.05  5.27  0.05  0.273  0.003  64.8  0.2 
Val234  0.868  0.007  12.09  0.18  12.13  0.18  0.783  0.011  48.0  0.5 
Leu236 d1  1.292  0.004  7.31  0.03  7.35  0.03  0.411  0.002  72.3  0.3 
Leu236 d2  1.493  0.014  11.14  0.06  11.69  0.06  0.656  0.006  87.6  1.2 
Val238  1.022  0.009  11.19  0.07  11.44  0.07  0.725  0.008  57.3  0.5 
Leu239 d1  1.530  0.025  13.32  0.14  13.50  0.14  0.782  0.010  91.1  2.1 
Leu239 d2  0.896  0.009  6.84  0.15  7.16  0.16  0.410  0.012  48.7  0.6 
Leu241 d1  0.929  0.004  7.12  0.09  7.22  0.10  0.432  0.008  50.6  0.2 
Leu241 d2  1.615  0.007  9.32  0.16  9.84  0.17  0.554  0.010  94.8  0.6 
Leu246 d1  0.736  0.005  5.78  0.07  5.92  0.07  0.341  0.004  39.3  0.3 
Leu246 d2  0.709  0.005  1.99  0.02  2.03  0.02  0.087  0.002  37.4  0.3 
Leu247  0.977  0.009  5.13  0.04  5.32  0.04  0.294  0.003  52.9  0.4 
Leu250 d1  0.822  0.008  5.52  0.07  5.57  0.07  0.308  0.004  44.1  0.4 
Leu250 d2  1.466  0.004  8.11  0.04  8.36  0.04  0.468  0.004  84.0  0.2 
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Fluorowillardiine (tc = 29 ns) 
 
R1, s
-1  R1r, s
-1  R2, s
-1  S
2  tf, ns  Methyl ID 
mean  SD  mean  SD  mean  SD  mean  SD  mean  SD 
Val6 g1  1.411  0.014  12.62  0.11  12.62  0.11  0.733  0.007  82.7  1.0 
Val6 g2  0.969  0.009  12.85  0.09  12.86  0.09  0.814  0.005  54.5  0.5 
Val7 g1  1.372  0.012  11.21  0.16  11.21  0.16  0.672  0.011  79.5  0.8 
Val7 g2  0.614  0.008  13.21  0.24  13.23  0.24  0.830  0.015  33.1  0.4 
Val8 g1  0.627  0.011  12.94  0.15  12.95  0.15  0.823  0.008  33.9  0.6 
Val8 g2  1.095  0.013  13.50  0.08  13.51  0.08  0.835  0.005  62.6  0.8 
Ile11  0.178  0.012  7.97  0.07  9.02  0.08  0.659  0.006  8.1  0.7 
Leu12 d1  0.884  0.011  7.81  0.09  7.96  0.09  0.485  0.005  48.1  0.6 
Leu12 d2  1.356  0.022  7.06  0.15  7.41  0.16  0.405  0.011  76.4  1.3 
Val17  0.702  0.012  12.64  0.10  12.64  0.10  0.797  0.007  38.0  0.6 
Leu26 d1  0.614  0.009  10.88  0.08  10.92  0.08  0.709  0.005  33.0  0.6 
Leu26 d2  0.784  0.069  14.75  0.58  16.14  0.64  1.053  0.042  44.0  5.2 
Val37 g1  1.461  0.010  14.55  0.17  14.56  0.17  0.900  0.012  87.2  0.7 
Val37 g2  0.785  0.011  14.79  0.08  15.17  0.08  0.989  0.005  43.4  1.0 
Leu39 d1  0.991  0.012  10.32  0.18  10.42  0.18  0.635  0.013  54.8  0.8 
Leu39 d2  1.020  0.014  12.26  0.09  12.87  0.09  0.809  0.006  57.4  0.8 
Ile43  0.567  0.008  5.33  0.11  6.29  0.14  0.415  0.012  30.1  0.5 
Leu53 d1  0.825  0.022  13.96  0.18  14.00  0.18  0.912  0.015  46.0  1.3 
Leu53 d2  0.892  0.008  4.96  0.11  5.30  0.12  0.287  0.008  48.0  0.4 
Ile55  0.391  0.011  5.06  0.16  7.08  0.23  0.493  0.019  20.2  0.7 
Val56 g1  0.201  0.009  12.25  0.30  12.55  0.31  0.865  0.021  8.8  0.5 
Val56 g2  0.630  0.016  11.63  0.23  11.64  0.23  0.726  0.016  34.0  0.8 
Ile70  0.477  0.014  3.81  0.21  4.66  0.26  0.307  0.020  25.2  0.8 
Val75 g1  0.828  0.015  13.29  0.21  13.29  0.21  0.855  0.013  46.0  0.8 
Val75 g2  1.319  0.017  11.82  0.10  11.82  0.10  0.705  0.007  76.0  1.2 
Leu78 d1  0.785  0.018  10.71  0.28  10.80  0.28  0.661  0.017  42.8  1.1 
Leu78 d2  0.760  0.009  9.52  0.10  10.45  0.11  0.671  0.006  41.3  0.5 
Val79 g1  1.582  0.014  9.90  0.05  9.90  0.05  0.569  0.003  92.5  1.0 
Val79 g2  0.981  0.015  10.45  0.19  10.52  0.19  0.653  0.014  54.9  0.8 
Ile85  0.225  0.006  10.17  0.25  11.00  0.27  0.799  0.018  10.4  0.3 
Ile87  0.317  0.010  9.67  0.16  11.56  0.20  0.825  0.015  15.7  0.6 
Leu90 d1  1.382  0.018  10.82  0.06  11.23  0.06  0.636  0.004  79.6  1.0 
Leu90 d2  0.865  0.007  10.64  0.05  11.61  0.06  0.722  0.004  47.7  0.4 
Ile92  0.251  0.004  8.64  0.08  9.81  0.09  0.712  0.008  12.1  0.2 
Leu94 d1  0.777  0.006  5.02  0.04  5.09  0.04  0.291  0.003  41.7  0.4 
Leu94 d2  1.000  0.009  6.75  0.06  7.02  0.06  0.389  0.005  54.6  0.5 
Val95  0.809  0.009  4.25  0.06  4.26  0.06  0.232  0.004  43.3  0.6 
Val99 g1  0.970  0.017  9.69  0.09  9.91  0.10  0.586  0.007  53.7  0.9 
Val99 g2  0.936  0.017  11.33  0.13  11.37  0.13  0.726  0.009  52.0  0.8 
Ile100  0.164  0.005  8.61  0.17  9.47  0.18  0.667  0.011  7.2  0.3   134
Leu109 d1  2.082  0.024  14.96  0.19  15.29  0.19  0.893  0.016  135.6  2.2 
Leu109 d2  0.997  0.011  9.74  0.11  10.13  0.12  0.588  0.008  55.4  0.8 
Ile111  0.357  0.044  7.50  0.66  9.28  0.82  0.681  0.078  18.6  2.6 
Ile113  0.255  0.014  8.28  0.34  9.49  0.39  0.680  0.025  12.7  0.8 
Ile115  0.390  0.054  8.54  1.41  9.33  1.55  0.650  0.101  20.6  3.2 
Ile121  0.412  0.006  11.66  0.13  12.23  0.13  0.882  0.012  21.2  0.4 
Ile133  0.428  0.005  6.76  0.08  7.56  0.08  0.532  0.006  22.3  0.3 
Ile152  0.539  0.011  4.28  0.13  5.19  0.16  0.345  0.013  28.4  0.6 
Val154 g1  1.566  0.010  6.18  0.06  6.20  0.06  0.307  0.003  89.3  0.7 
Val154 g2  0.879  0.006  8.10  0.07  8.20  0.07  0.502  0.004  48.0  0.3 
Val171  0.464  0.006  12.88  0.14  12.88  0.14  0.856  0.009  24.1  0.4 
Val178 g1  1.063  0.011  5.89  0.07  5.89  0.07  0.319  0.004  58.4  0.7 
Val178 g2  0.730  0.019  13.22  0.13  13.35  0.13  0.861  0.009  39.9  1.1 
Val181 g1  0.506  0.009  10.64  0.06  10.71  0.06  0.692  0.005  26.6  0.5 
Val181 g2  1.364  0.022  13.29  0.31  13.89  0.33  0.852  0.017  79.8  1.4 
Leu191  0.907  0.007  4.48  0.27  4.70  0.29  0.255  0.019  48.7  0.3 
Leu192  1.455  0.007  10.28  0.11  11.04  0.12  0.641  0.008  84.5  0.6 
Ile200  0.371  0.006  9.95  0.28  10.70  0.31  0.769  0.024  18.8  0.4 
Val211 g1  1.712  0.220  9.87  1.20  9.88  1.20  0.562  0.090  105.7  15.7 
Val211 g2  1.733  0.022  7.08  0.08  7.09  0.08  0.352  0.007  100.8  1.4 
Leu215  1.106  0.018  4.32  0.09  4.43  0.09  0.224  0.006  60.0  1.0 
Ile222  0.370  0.007  4.42  0.12  5.19  0.14  0.346  0.012  19.3  0.4 
Leu230  1.205  0.017  6.40  0.08  6.51  0.08  0.358  0.004  66.8  0.9 
Val234  0.848  0.012  12.40  0.09  12.45  0.09  0.810  0.007  46.9  0.7 
Leu236 d1  1.240  0.010  7.11  0.04  7.15  0.04  0.401  0.003  69.2  0.5 
Leu236 d2  1.537  0.006  11.58  0.14  12.17  0.15  0.684  0.009  90.6  0.5 
Val238  1.003  0.014  11.19  0.19  11.44  0.19  0.724  0.015  56.3  1.0 
Leu239 d1  1.404  0.025  8.78  0.19  8.88  0.19  0.483  0.011  79.5  1.3 
Leu239 d2  0.887  0.023  6.74  0.16  7.05  0.16  0.403  0.010  48.5  1.2 
Leu241 d1  1.235  0.029  13.62  0.36  13.77  0.36  0.864  0.024  72.1  1.8 
Leu241 d2  1.589  0.014  8.83  0.15  9.31  0.16  0.521  0.010  92.6  0.9 
Leu246 d1  0.726  0.003  3.52  0.07  3.60  0.07  0.185  0.005  38.5  0.1 
Leu246 d2  0.971  0.016  5.23  0.08  5.32  0.08  0.295  0.007  52.6  1.0 
Leu247  0.703  0.005  2.11  0.07  2.16  0.07  0.097  0.005  37.2  0.2 
Leu250 d1  0.860  0.004  5.39  0.08  5.45  0.08  0.297  0.006  46.2  0.2 
Leu250 d2  1.502  0.009  7.78  0.03  8.00  0.03  0.440  0.003  86.0  0.6 
   135
Chlorowillardiine (tc = 29 ns) 
 
R1, s
-1  R1r, s
-1  R2, s
-1  S
2  tf, ns  Methyl ID 
mean  SD  mean  SD  mean  SD  mean  SD  mean  SD 
Val6 g1  1.416  0.018  12.80  0.10  12.81  0.10  0.745  0.005  83.0  1.3 
Val6 g2  0.976  0.019  13.94  0.12  13.95  0.12  0.887  0.008  54.7  1.2 
Val7 g1  1.324  0.036  12.60  0.11  12.60  0.11  0.771  0.009  77.1  2.2 
Val7 g2  0.603  0.008  13.61  0.19  13.64  0.19  0.862  0.015  32.4  0.4 
Val8 g1  0.640  0.017  12.89  0.28  12.90  0.28  0.816  0.018  34.9  0.9 
Val8 g2  1.052  0.020  13.07  0.23  13.07  0.23  0.809  0.015  59.4  1.1 
Ile11  0.171  0.015  9.17  0.19  10.39  0.22  0.764  0.014  7.2  0.8 
Leu12 d1  0.889  0.026  8.29  0.11  8.45  0.11  0.520  0.007  48.3  1.6 
Leu12 d2  1.331  0.023  6.85  0.08  7.19  0.09  0.395  0.008  74.8  1.3 
Val17  0.672  0.009  13.40  0.16  13.40  0.16  0.850  0.012  36.6  0.7 
Leu26 d1  0.621  0.015  10.95  0.07  10.99  0.07  0.713  0.005  33.5  0.7 
Leu26 d2  0.903  0.085  13.94  0.38  15.22  0.42  0.984  0.029  52.2  5.7 
Val37 g1  1.443  0.028  13.51  0.24  13.52  0.24  0.830  0.015  85.1  1.9 
Val37 g2  0.797  0.024  13.89  0.26  14.23  0.27  0.924  0.020  44.0  1.5 
Leu39 d1  0.985  0.016  11.38  0.13  11.50  0.13  0.712  0.009  54.8  0.9 
Leu39 d2  1.034  0.014  12.41  0.20  13.03  0.22  0.820  0.016  58.4  0.8 
Ile43  0.563  0.025  5.56  0.12  6.55  0.15  0.434  0.011  30.1  1.5 
Leu53 d1  0.809  0.020  13.88  0.27  13.92  0.27  0.911  0.020  44.9  1.4 
Leu53 d2  0.881  0.025  6.04  0.11  6.46  0.12  0.365  0.009  47.8  1.6 
Ile55  0.393  0.018  6.86  0.19  9.65  0.27  0.688  0.025  20.3  1.0 
Val56 g1  0.169  0.029  12.83  0.58  13.16  0.60  0.915  0.039  7.0  1.4 
Val56 g2  0.714  0.024  11.26  0.43  11.27  0.43  0.695  0.025  38.5  1.4 
Ile70  0.492  0.012  3.51  0.14  4.29  0.18  0.286  0.016  26.2  0.7 
Val75 g1  0.859  0.027  13.07  0.21  13.07  0.21  0.836  0.015  47.7  1.9 
Val75 g2  1.249  0.028  13.22  0.12  13.22  0.12  0.806  0.008  72.2  1.6 
Leu78 d1  1.095  0.105  9.41  0.63  9.48  0.63  0.549  0.052  62.6  6.6 
Leu78 d2  0.801  0.016  9.54  0.22  10.46  0.24  0.666  0.017  43.6  1.0 
Val79 g1  1.668  0.026  10.29  0.07  10.29  0.07  0.593  0.005  99.2  1.7 
Val79 g2  1.000  0.024  10.50  0.07  10.56  0.08  0.657  0.007  55.5  1.3 
Ile85  0.230  0.015  10.01  0.15  10.83  0.16  0.778  0.013  10.9  0.8 
Ile87  0.309  0.012  9.12  0.32  10.90  0.38  0.782  0.024  15.4  0.7 
Leu90 d1  1.459  0.034  11.27  0.16  11.69  0.17  0.658  0.011  84.5  2.0 
Leu90 d2  0.825  0.016  11.98  0.09  13.07  0.10  0.825  0.007  45.7  1.2 
Ile92  0.262  0.005  8.85  0.19  10.05  0.22  0.727  0.016  12.6  0.2 
Leu94 d1  0.776  0.010  5.40  0.04  5.47  0.04  0.317  0.002  41.5  0.6 
Leu94 d2  1.047  0.022  7.20  0.11  7.48  0.12  0.416  0.007  57.6  1.2 
Val95  0.828  0.007  4.58  0.05  4.59  0.05  0.253  0.002  44.4  0.5 
Val99 g1  0.971  0.019  10.76  0.34  11.01  0.35  0.655  0.024  53.9  1.1 
Val99 g2  0.995  0.026  10.85  0.18  10.89  0.18  0.690  0.012  55.8  2.0 
Ile100  0.152  0.026  9.43  0.24  10.36  0.27  0.740  0.018  6.2  1.5   136
Leu109 d1  2.298  0.078  15.53  0.28  15.83  0.29  0.913  0.015  158.9  9.2 
Leu109 d2  1.102  0.020  9.94  0.25  10.35  0.26  0.593  0.017  61.9  1.6 
Ile111  0.330  0.047  11.28  1.22  13.73  1.49  0.982  0.108  16.2  2.6 
Ile113  0.223  0.025  8.74  0.25  10.02  0.29  0.706  0.017  10.7  1.6 
Ile115  0.389  0.067  11.64  1.38  12.72  1.51  0.901  0.106  18.7  3.7 
Ile121  0.405  0.009  11.19  0.08  11.75  0.09  0.846  0.007  20.8  0.3 
Ile133  0.433  0.005  7.72  0.09  8.63  0.10  0.613  0.007  22.6  0.3 
Ile152  0.540  0.020  3.95  0.19  4.78  0.23  0.315  0.018  28.6  0.9 
Val154 g1  1.539  0.016  5.07  0.13  5.09  0.13  0.232  0.008  87.0  1.0 
Val154 g2  0.902  0.017  7.67  0.10  7.76  0.10  0.468  0.008  49.2  1.0 
Val171  0.487  0.009  14.08  0.20  14.08  0.20  0.943  0.010  25.5  0.5 
Val178 g1  1.101  0.026  6.06  0.08  6.06  0.08  0.329  0.006  60.5  1.8 
Val178 g2  0.726  0.019  13.71  0.18  13.85  0.18  0.895  0.013  40.2  1.0 
Val181 g1  0.549  0.009  10.31  0.08  10.38  0.09  0.667  0.005  29.0  0.6 
Val181 g2  1.397  0.064  13.96  0.48  14.60  0.50  0.899  0.031  82.4  3.8 
Leu191  0.941  0.021  4.03  0.15  4.23  0.16  0.221  0.012  50.5  1.6 
Leu192  1.490  0.011  9.72  0.12  10.43  0.13  0.595  0.008  86.6  0.9 
Ile200  0.364  0.016  11.10  0.35  11.97  0.38  0.872  0.028  18.4  0.9 
Val211 g1  1.049  0.047  2.09  0.30  2.09  0.30  0.065  0.025  56.5  2.9 
Val211 g2  1.742  0.046  7.68  0.17  7.69  0.17  0.389  0.011  102.7  3.7 
Leu215  1.085  0.009  4.96  0.15  5.10  0.15  0.273  0.013  59.2  0.5 
Ile222  0.362  0.010  4.95  0.16  5.82  0.19  0.391  0.015  18.7  0.5 
Leu230  1.218  0.017  5.24  0.08  5.33  0.08  0.275  0.006  67.2  1.0 
Val234  0.879  0.007  12.71  0.15  12.76  0.15  0.828  0.009  48.8  0.5 
Leu236 d1  1.266  0.009  6.78  0.04  6.81  0.04  0.375  0.003  70.5  0.6 
Leu236 d2  1.511  0.038  10.90  0.21  11.44  0.22  0.636  0.013  88.4  1.8 
Val238  1.019  0.025  11.15  0.09  11.40  0.09  0.722  0.008  57.2  1.4 
Leu239 d1  0.869  0.036  2.26  0.10  2.28  0.10  0.089  0.007  46.2  2.3 
Leu239 d2  0.907  0.020  6.31  0.06  6.60  0.07  0.372  0.004  49.4  1.2 
Leu241 d1  0.875  0.041  3.50  0.31  3.54  0.32  0.172  0.019  46.9  2.5 
Leu241 d2  1.598  0.016  9.90  0.13  10.45  0.14  0.599  0.011  94.2  1.5 
Leu246 d1  1.474  0.011  5.77  0.13  5.92  0.14  0.286  0.010  83.3  0.7 
Leu246 d2  1.009  0.025  7.60  0.16  7.76  0.17  0.459  0.011  55.3  1.4 
Leu247  0.706  0.008  1.93  0.13  1.98  0.13  0.084  0.011  37.3  0.5 
Leu250 d1  0.917  0.011  6.46  0.07  6.53  0.07  0.363  0.005  49.7  0.6 
Leu250 d2  1.548  0.016  9.03  0.08  9.31  0.09  0.527  0.005  89.7  1.2   137
Iodowillardiine (tc = 30 ns) 
 
R1, s
-1  R1r, s
-1  R2, s
-1  S
2  tf, ns  Methyl ID 
mean  SD  mean  SD  mean  SD  mean  SD  mean  SD 
Val6 g1  1.403  0.017  13.43  0.11  13.43  0.11  0.760  0.007  82.2  1.2 
Val6 g2  0.987  0.004  12.71  0.14  12.72  0.14  0.775  0.010  55.5  0.3 
Val7 g1  1.161  0.014  12.07  0.10  12.08  0.10  0.720  0.006  66.0  0.9 
Val7 g2  0.577  0.008  13.05  0.24  13.08  0.24  0.797  0.018  30.9  0.5 
Val8 g1  0.617  0.007  12.65  0.13  12.65  0.13  0.780  0.009  33.2  0.5 
Val8 g2  1.089  0.017  14.01  0.21  14.01  0.21  0.839  0.012  62.1  1.2 
Ile11  0.164  0.006  9.07  0.11  10.26  0.12  0.729  0.009  7.3  0.4 
Leu12 d1  0.909  0.007  8.03  0.05  8.19  0.05  0.484  0.004  49.6  0.4 
Leu12 d2  1.426  0.025  8.31  0.11  8.73  0.12  0.475  0.006  80.7  1.6 
Val17  0.697  0.013  13.23  0.15  13.24  0.15  0.806  0.011  38.1  0.8 
Leu26 d1  0.617  0.008  9.94  0.07  9.98  0.07  0.622  0.005  33.0  0.5 
Leu26 d2  0.906  0.026  14.13  0.14  15.46  0.15  0.967  0.010  51.3  1.0 
Val37 g1  1.449  0.018  14.69  0.14  14.71  0.14  0.881  0.007  86.4  1.4 
Val37 g2  0.865  0.010  11.99  0.24  12.30  0.25  0.758  0.016  47.9  0.7 
Leu39 d1  1.034  0.005  11.03  0.12  11.13  0.12  0.658  0.007  57.9  0.3 
Leu39 d2  1.145  0.011  12.90  0.12  13.51  0.12  0.818  0.008  65.3  0.6 
Ile43  0.615  0.012  3.79  0.09  4.45  0.10  0.267  0.007  32.7  0.6 
Leu53 d1  0.812  0.024  13.53  0.15  13.57  0.16  0.852  0.010  45.3  1.6 
Leu53 d2  0.843  0.006  5.61  0.08  5.99  0.08  0.324  0.005  45.5  0.4 
Ile55  0.340  0.006  5.13  0.34  7.18  0.49  0.485  0.042  17.4  0.2 
Val56 g1  0.223  0.008  12.36  0.28  12.67  0.28  0.845  0.022  10.1  0.4 
Val56 g2  0.689  0.011  12.14  0.15  12.15  0.15  0.728  0.011  37.5  0.6 
Ile70  0.500  0.009  3.38  0.08  4.12  0.10  0.260  0.006  26.3  0.5 
Val75 g1  0.845  0.018  12.83  0.22  12.83  0.22  0.795  0.017  46.5  1.1 
Val75 g2  1.349  0.016  12.74  0.10  12.75  0.10  0.739  0.007  78.5  1.2 
Leu78 d1  0.801  0.023  13.42  0.26  13.54  0.26  0.823  0.019  44.2  1.5 
Leu78 d2  0.800  0.008  9.87  0.14  10.84  0.16  0.673  0.010  43.8  0.5 
Val79 g1  1.525  0.007  10.14  0.06  10.15  0.06  0.572  0.004  89.0  0.5 
Val79 g2  0.983  0.016  9.17  0.09  9.23  0.09  0.548  0.006  54.4  1.0 
Ile85  0.258  0.004  9.22  0.11  9.97  0.12  0.693  0.009  12.6  0.2 
Ile87  0.323  0.013  9.81  0.08  11.72  0.10  0.809  0.005  16.2  0.8 
Leu90 d1  1.416  0.014  10.88  0.10  11.29  0.11  0.618  0.005  82.2  1.1 
Leu90 d2  0.839  0.011  10.53  0.10  11.48  0.11  0.690  0.006  46.2  0.7 
Ile92  0.267  0.007  9.29  0.20  10.58  0.22  0.746  0.012  13.0  0.3 
Leu94 d1  0.826  0.004  6.01  0.06  6.09  0.06  0.342  0.004  44.4  0.2 
Leu94 d2  1.024  0.007  6.48  0.09  6.73  0.09  0.357  0.006  56.0  0.4 
Val95  0.803  0.011  5.74  0.05  5.76  0.05  0.324  0.003  43.1  0.6 
Val99 g1  1.022  0.022  11.12  0.25  11.38  0.25  0.655  0.014  57.3  1.6 
Val99 g2  1.004  0.009  12.10  0.21  12.14  0.21  0.752  0.013  56.5  0.6 
Ile100  0.190  0.005  7.86  0.15  8.60  0.16  0.585  0.012  9.1  0.3   138
Leu109 d1  2.104  0.016  12.41  0.37  12.69  0.38  0.693  0.025  134.0  1.4 
Leu109 d2  1.025  0.019  10.26  0.13  10.67  0.14  0.601  0.009  57.2  1.4 
Ile111  0.367  0.051  8.35  0.80  10.74  1.03  0.730  0.067  18.7  2.5 
Ile113  0.247  0.007  8.31  0.23  9.51  0.27  0.651  0.017  12.0  0.4 
Ile115  0.393  0.027  8.98  0.79  9.80  0.86  0.660  0.054  20.6  1.4 
Ile121  0.401  0.003  11.04  0.16  11.56  0.17  0.808  0.012  20.7  0.2 
Ile133  0.437  0.006  7.43  0.09  8.30  0.10  0.567  0.008  22.9  0.4 
Ile152  0.560  0.015  4.34  0.08  5.25  0.10  0.337  0.006  30.0  0.6 
Val154 g1  1.571  0.015  4.20  0.05  4.22  0.05  0.164  0.003  88.6  0.9 
Val154 g2  0.941  0.006  8.98  0.08  9.10  0.09  0.542  0.006  51.8  0.4 
Val171  0.470  0.008  13.51  0.17  13.51  0.17  0.874  0.013  24.5  0.6 
Val178 g1  1.102  0.008  4.45  0.04  4.45  0.04  0.212  0.003  59.8  0.4 
Val178 g2  0.730  0.009  13.07  0.09  13.20  0.10  0.824  0.006  40.0  0.5 
Val181 g1  0.538  0.010  9.03  0.05  9.09  0.05  0.560  0.004  28.6  0.6 
Val181 g2  1.416  0.026  12.57  0.28  13.15  0.30  0.768  0.018  83.2  1.4 
Leu191  1.563  0.015  9.28  0.13  9.78  0.14  0.539  0.010  91.3  0.8 
Leu192  1.434  0.006  9.98  0.04  10.72  0.05  0.598  0.003  82.9  0.4 
Ile200  0.378  0.017  9.66  0.16  10.43  0.17  0.726  0.011  19.5  0.9 
Val211 g1  1.383  0.088  13.29  1.02  13.30  1.02  0.806  0.054  81.6  5.4 
Val211 g2  1.772  0.014  7.61  0.17  7.62  0.17  0.371  0.012  104.3  1.2 
Leu215  1.116  0.013  4.26  0.13  4.38  0.13  0.211  0.010  61.0  0.7 
Ile222  0.379  0.012  5.34  0.07  6.28  0.08  0.411  0.006  20.0  0.7 
Leu230  1.173  0.013  6.52  0.07  6.63  0.07  0.356  0.005  64.9  0.6 
Val234  0.859  0.013  12.99  0.19  13.04  0.19  0.820  0.012  47.4  0.6 
Leu236 d1  1.241  0.008  5.83  0.05  5.86  0.05  0.300  0.003  68.6  0.6 
Leu236 d2  1.509  0.020  10.58  0.21  11.09  0.22  0.595  0.015  88.1  1.2 
Val238  1.047  0.015  11.49  0.15  11.76  0.16  0.719  0.009  59.0  1.0 
Leu239 d1  0.848  0.010  5.12  0.02  5.17  0.02  0.272  0.002  45.6  0.6 
Leu239 d2  0.907  0.015  4.12  0.10  4.29  0.11  0.210  0.009  48.8  0.9 
Leu241 d1  1.149  0.030  5.95  0.40  6.03  0.41  0.317  0.020  63.3  2.4 
Leu241 d2  0.901  0.009  4.66  0.11  4.90  0.12  0.261  0.008  48.6  0.5 
Leu246 d1  1.468  0.010  7.32  0.08  7.53  0.08  0.381  0.005  83.5  0.8 
Leu246 d2  0.980  0.011  6.05  0.13  6.19  0.13  0.341  0.008  53.3  0.6 
Leu247  0.792  0.005  3.56  0.05  3.67  0.05  0.188  0.005  42.1  0.3 
Leu250 d1  1.347  0.009  9.64  0.10  9.72  0.11  0.527  0.006  76.7  0.6 
Leu250 d2  1.507  0.009  8.58  0.08  8.84  0.08  0.481  0.006  86.7  0.6 
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Kainate (tc = 30 ns) 
 
R1, s
-1  R1r, s
-1  R2, s
-1  S
2  tf, ns  Methyl ID 
mean  SD  mean  SD  mean  SD  mean  SD  mean  SD 
Val6 g1  1.420  0.012  13.11  0.06  13.11  0.06  0.697  0.003  83.1  0.9 
Val6 g2  1.143  0.005  11.52  0.10  11.52  0.10  0.662  0.006  64.6  0.3 
Val7 g1  1.574  0.020  11.65  0.07  11.66  0.07  0.643  0.006  93.1  1.3 
Val7 g2  0.643  0.006  12.88  0.10  12.90  0.10  0.738  0.007  34.8  0.3 
Val8 g1  0.652  0.013  13.57  0.20  13.58  0.20  0.794  0.012  35.7  0.7 
Val8 g2  0.440  0.007  13.86  0.23  13.87  0.23  0.842  0.014  22.9  0.4 
Ile11  0.170  0.010  8.94  0.10  10.26  0.12  0.713  0.007  7.4  0.6 
Leu12 d1  0.770  0.004  7.81  0.06  7.94  0.06  0.467  0.004  41.5  0.2 
Leu12 d2  1.241  0.007  7.67  0.07  8.09  0.08  0.436  0.006  69.5  0.4 
Val17  0.704  0.008  12.53  0.15  12.53  0.15  0.726  0.010  38.5  0.6 
Leu26 d1  0.604  0.007  11.36  0.04  11.41  0.04  0.701  0.003  32.5  0.3 
Leu26 d2  1.268  0.021  12.97  0.16  14.01  0.18  0.820  0.011  73.9  1.5 
Val37 g1  1.512  0.017  13.79  0.07  13.80  0.07  0.794  0.004  89.9  1.2 
Val37 g2  0.846  0.006  12.60  0.16  12.94  0.16  0.778  0.011  46.9  0.4 
Leu39 d1  1.023  0.010  10.56  0.06  10.68  0.06  0.610  0.004  56.9  0.6 
Leu39 d2  1.114  0.010  12.33  0.13  13.00  0.14  0.764  0.010  63.3  0.6 
Ile43  0.598  0.007  4.48  0.09  5.36  0.11  0.322  0.007  31.9  0.4 
Leu53 d1  1.635  0.038  12.15  0.14  12.15  0.14  0.681  0.010  97.8  3.2 
Leu53 d2  0.912  0.008  5.76  0.04  6.16  0.05  0.315  0.003  49.4  0.5 
Ile55  0.368  0.018  5.37  0.16  7.52  0.22  0.503  0.019  19.1  1.0 
Val56 g1  0.254  0.013  13.57  0.15  13.78  0.15  0.899  0.010  12.1  0.6 
Val56 g2  0.690  0.010  11.36  0.24  11.37  0.24  0.641  0.013  37.3  0.6 
Ile70  0.480  0.007  4.49  0.09  5.51  0.11  0.356  0.010  25.5  0.4 
Val75 g1  0.868  0.008  13.47  0.17  13.49  0.17  0.809  0.011  48.3  0.6 
Val75 g2  0.954  0.010  13.79  0.16  13.80  0.16  0.805  0.009  53.7  0.5 
Leu78 d1  0.766  0.015  17.48  0.32  17.64  0.32  1.036  0.024  43.0  1.0 
Leu78 d2  0.823  0.006  10.23  0.08  11.22  0.09  0.680  0.006  45.1  0.4 
Val79 g1  1.500  0.012  9.00  0.05  9.00  0.05  0.487  0.003  86.6  0.7 
Val79 g2  0.939  0.008  10.39  0.03  10.45  0.03  0.616  0.002  51.9  0.4 
Ile85  0.302  0.005  9.59  0.10  10.42  0.11  0.697  0.008  15.2  0.2 
Ile87  0.350  0.005  9.75  0.08  11.64  0.09  0.777  0.005  17.9  0.3 
Leu90 d1  1.427  0.012  11.82  0.04  12.26  0.04  0.637  0.002  82.8  0.7 
Leu90 d2  0.690  0.007  10.62  0.09  11.60  0.10  0.685  0.006  37.4  0.5 
Ile92  0.247  0.007  7.93  0.07  8.89  0.08  0.608  0.005  12.0  0.3 
Leu94 d1  1.460  0.009  9.83  0.04  9.95  0.04  0.536  0.002  84.2  0.6 
Leu94 d2  1.050  0.009  7.02  0.10  7.29  0.11  0.368  0.006  57.7  0.5 
Val95  0.825  0.004  4.07  0.03  4.07  0.03  0.203  0.001  44.1  0.3 
Val99 g1  1.150  0.005  10.11  0.11  10.36  0.11  0.548  0.007  64.6  0.3 
Val99 g2  0.825  0.012  14.20  0.14  14.25  0.14  0.889  0.008  46.0  0.9 
Ile100  0.389  0.006  10.04  0.06  10.79  0.06  0.691  0.004  20.2  0.3   140
Leu109 d1  2.208  0.020  13.92  0.13  14.49  0.13  0.782  0.006  145.5  2.2 
Leu109 d2  1.616  0.011  10.71  0.09  11.22  0.09  0.555  0.005  95.3  1.0 
Ile111  0.401  0.032  5.62  0.49  7.27  0.65  0.476  0.044  20.8  1.7 
Ile113  0.250  0.004  9.43  0.14  10.81  0.16  0.714  0.009  12.2  0.3 
Ile115  0.399  0.017  10.53  0.41  11.49  0.45  0.749  0.029  20.5  0.9 
Ile121  0.392  0.004  11.41  0.10  11.89  0.11  0.812  0.008  20.2  0.2 
Ile133  0.432  0.004  7.74  0.07  8.67  0.08  0.583  0.005  22.6  0.2 
Ile152  0.546  0.009  4.43  0.07  5.38  0.09  0.339  0.006  28.9  0.4 
Val154 g1  1.525  0.008  4.42  0.06  4.43  0.06  0.175  0.004  85.7  0.5 
Val154 g2  0.975  0.005  9.51  0.07  9.64  0.07  0.557  0.005  53.9  0.3 
Val171  1.003  0.013  14.82  0.13  14.82  0.13  0.897  0.007  57.0  0.8 
Val178 g1  1.275  0.008  6.23  0.05  6.23  0.05  0.301  0.003  70.9  0.6 
Val178 g2  0.702  0.006  13.20  0.07  13.29  0.07  0.801  0.005  38.5  0.3 
Val181 g1  0.551  0.006  9.69  0.07  9.75  0.07  0.579  0.004  29.2  0.4 
Val181 g2  1.303  0.020  12.73  0.41  13.31  0.44  0.766  0.025  75.5  1.2 
Leu191  0.935  0.007  5.40  0.21  5.68  0.22  0.305  0.016  50.5  0.5 
Leu192  1.460  0.012  10.51  0.04  11.29  0.04  0.612  0.002  84.9  1.0 
Ile200  0.346  0.004  4.86  0.04  5.25  0.05  0.347  0.003  17.9  0.2 
Val211 g1  0.272  0.006  10.65  0.20  10.86  0.21  0.702  0.017  13.3  0.4 
Val211 g2  1.804  0.017  8.17  0.12  8.17  0.12  0.388  0.007  106.8  1.4 
Leu215  1.075  0.006  5.81  0.04  5.99  0.04  0.316  0.003  58.8  0.3 
Ile222  0.419  0.004  5.12  0.09  5.90  0.11  0.365  0.008  21.9  0.2 
Leu230  1.137  0.005  5.86  0.03  5.96  0.04  0.307  0.002  62.5  0.3 
Val234  0.832  0.011  12.30  0.12  12.34  0.12  0.759  0.007  45.9  0.7 
Leu236 d1  1.213  0.010  8.21  0.03  8.25  0.03  0.453  0.002  67.8  0.7 
Leu236 d2  1.404  0.023  12.68  0.16  13.34  0.17  0.698  0.009  81.9  1.1 
Val238  1.085  0.020  11.17  0.13  11.43  0.13  0.681  0.010  61.2  1.1 
Leu239 d1  0.878  0.005  7.18  0.05  7.26  0.05  0.384  0.003  47.6  0.3 
Leu239 d2  0.922  0.003  4.76  0.10  4.97  0.10  0.241  0.006  49.7  0.2 
Leu241 d1  0.826  0.012  1.33  0.15  1.33  0.15  0.024  0.009  43.7  0.7 
Leu241 d2  1.717  0.009  10.68  0.08  11.30  0.09  0.612  0.006  102.8  0.9 
Leu246 d1  1.274  0.009  8.50  0.05  8.76  0.06  0.452  0.004  71.8  0.6 
Leu246 d2  0.483  0.005  9.30  0.13  9.54  0.13  0.587  0.008  25.3  0.3 
Leu247  0.785  0.005  3.33  0.06  3.44  0.06  0.169  0.004  41.8  0.3 
Leu250 d1  0.717  0.010  12.35  0.20  12.44  0.21  0.701  0.012  39.1  0.5 
Leu250 d2  1.527  0.011  7.41  0.04  7.60  0.05  0.388  0.003  87.3  0.8 
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DNQX (tc = 31 ns) 
 
R1, s
-1  R1r, s
-1  R2, s
-1  S
2  tf, ns  Methyl ID 
mean  SD  mean  SD  mean  SD  mean  SD  mean  SD 
Val6 g1  1.436  0.016  14.03  0.38  14.03  0.38  0.755  0.026  84.8  0.8 
Val6 g2  1.158  0.070  14.99  0.47  15.00  0.47  0.882  0.032  66.5  3.9 
Val7 g1  1.446  0.037  12.23  0.13  12.24  0.13  0.692  0.009  84.3  2.6 
Val7 g2  0.615  0.016  14.05  0.45  14.07  0.45  0.815  0.029  33.1  1.1 
Val8 g1  0.654  0.014  13.20  0.32  13.20  0.32  0.775  0.016  35.6  0.8 
Val8 g2  1.075  0.036  14.99  0.45  15.00  0.45  0.869  0.029  61.5  2.1 
Ile11  0.183  0.014  9.56  0.37  10.82  0.42  0.753  0.024  7.8  1.0 
Leu12 d1  0.882  0.005  8.55  0.10  8.70  0.10  0.507  0.008  48.1  0.3 
Leu12 d2  1.338  0.041  8.67  0.14  9.14  0.15  0.492  0.010  76.2  1.9 
Leu26 d1  0.606  0.010  11.01  0.23  11.05  0.23  0.674  0.017  32.5  0.6 
Leu26 d2  1.046  0.021  11.09  0.13  11.98  0.14  0.704  0.007  58.5  1.4 
Val37 g1  1.546  0.027  14.79  0.54  14.81  0.54  0.853  0.037  92.8  2.3 
Val37 g2  0.893  0.012  13.58  0.26  13.92  0.27  0.835  0.019  50.1  0.7 
Leu39 d1  1.029  0.024  11.51  0.26  11.65  0.26  0.668  0.018  57.8  1.3 
Leu39 d2  1.002  0.025  13.16  0.24  13.90  0.25  0.830  0.014  56.9  1.5 
Ile43  0.576  0.008  5.58  0.14  6.58  0.16  0.407  0.011  30.7  0.4 
Leu53 d2  0.780  0.013  2.66  0.47  2.80  0.51  0.118  0.030  41.3  0.6 
Ile55  0.386  0.020  4.87  0.58  6.81  0.83  0.456  0.058  19.9  1.2 
Val56 g1  0.182  0.006  13.37  0.35  13.70  0.36  0.897  0.022  7.8  0.4 
Val56 g2  0.746  0.023  8.42  0.34  8.43  0.34  0.460  0.019  40.2  1.2 
Ile70  0.492  0.012  2.40  0.10  2.89  0.12  0.169  0.008  26.1  0.6 
Val75 g1  0.820  0.017  13.27  0.12  13.28  0.12  0.798  0.007  45.8  1.2 
Val75 g2  1.225  0.011  13.22  0.15  13.22  0.15  0.754  0.012  70.5  0.7 
Leu78 d1  0.771  0.049  13.59  0.49  13.70  0.49  0.801  0.031  43.1  2.9 
Leu78 d2  0.828  0.020  11.01  0.16  12.05  0.17  0.729  0.011  45.7  1.2 
Val79 g1  1.276  0.021  11.52  0.08  11.53  0.08  0.666  0.007  73.3  1.2 
Val79 g2  1.000  0.019  11.13  0.17  11.19  0.17  0.659  0.013  56.1  1.0 
Ile85  0.236  0.009  10.21  0.28  11.01  0.30  0.743  0.020  11.3  0.6 
Ile87  0.315  0.014  9.84  0.13  11.76  0.16  0.788  0.008  15.7  0.9 
Leu90 d1  1.383  0.040  12.69  0.80  13.19  0.84  0.705  0.044  81.4  3.6 
Leu90 d2  0.670  0.016  13.09  0.34  14.31  0.37  0.854  0.020  36.7  1.2 
Ile92  0.273  0.017  9.17  0.26  10.83  0.31  0.748  0.022  13.5  1.1 
Leu94 d1  0.780  0.010  5.42  0.06  5.50  0.06  0.299  0.005  41.8  0.5 
Leu94 d2  0.994  0.006  5.21  0.06  5.39  0.06  0.259  0.004  53.9  0.4 
Val95  0.786  0.009  3.93  0.15  3.93  0.15  0.193  0.010  42.0  0.4 
Val99 g1  1.054  0.016  11.45  0.22  11.73  0.22  0.646  0.015  59.2  1.1 
Val99 g2  0.788  0.032  15.46  0.50  15.52  0.50  0.968  0.041  43.8  2.2 
Ile100  0.239  0.004  7.02  0.28  7.61  0.31  0.495  0.025  11.9  0.3 
Leu109 d1  1.359  0.064  15.07  0.52  15.46  0.53  0.912  0.027  80.5  3.5 
Leu109 d2  1.017  0.011  6.83  0.15  7.10  0.16  0.360  0.009  55.8  0.7   142
Ile111  0.487  0.025  6.33  0.88  7.92  1.12  0.546  0.086  25.7  1.6 
Ile113  0.285  0.020  10.28  0.26  11.73  0.30  0.777  0.020  13.8  1.3 
Ile115  0.451  0.028  9.31  0.57  10.14  0.63  0.662  0.038  23.7  1.6 
Ile121  0.379  0.018  12.59  1.03  13.15  1.08  0.925  0.084  19.8  1.3 
Ile133  0.452  0.011  8.36  0.19  9.34  0.22  0.625  0.013  23.6  0.6 
Ile152  0.527  0.014  3.35  0.31  4.04  0.38  0.245  0.034  27.6  0.6 
Val154 g1  1.516  0.016  5.84  0.04  5.86  0.04  0.268  0.003  86.1  0.9 
Val154 g2  0.881  0.020  9.80  0.26  9.92  0.26  0.582  0.014  48.0  1.4 
Val171  0.532  0.019  13.71  0.30  13.72  0.30  0.854  0.019  28.1  1.1 
Val178 g1  1.150  0.010  5.11  0.19  5.12  0.19  0.243  0.013  63.0  0.6 
Val178 g2  0.739  0.018  13.95  0.34  14.11  0.34  0.852  0.022  41.0  0.9 
Val181 g1  0.560  0.007  10.62  0.19  10.69  0.19  0.641  0.011  29.8  0.3 
Val181 g2  1.361  0.070  13.66  0.24  14.30  0.25  0.827  0.015  80.5  6.0 
Leu191  1.161  0.018  7.41  0.43  7.84  0.46  0.435  0.031  64.8  1.1 
Leu192  1.509  0.008  10.37  0.10  11.13  0.11  0.601  0.005  88.1  0.5 
Ile200  0.398  0.011  9.95  0.25  10.83  0.28  0.735  0.016  20.7  0.6 
Val211 g1  0.394  0.017  12.58  0.36  12.66  0.36  0.803  0.026  20.2  1.1 
Val211 g2  1.927  0.044  10.33  0.19  10.35  0.19  0.518  0.013  118.4  2.8 
Leu215  1.066  0.009  6.40  0.16  6.58  0.16  0.356  0.010  58.3  0.6 
Ile222  0.373  0.008  5.82  0.10  6.75  0.11  0.426  0.008  19.4  0.5 
Leu230  1.251  0.011  5.47  0.17  5.57  0.18  0.272  0.010  69.1  0.7 
Val234  0.798  0.013  12.82  0.14  12.87  0.14  0.795  0.009  43.8  0.8 
Leu236 d1  1.230  0.007  5.57  0.13  5.59  0.13  0.276  0.010  67.8  0.4 
Leu236 d2  1.585  0.046  12.35  0.29  12.98  0.31  0.670  0.022  94.0  3.2 
Val238  1.081  0.038  12.65  0.12  12.94  0.12  0.782  0.008  61.3  2.6 
Leu239 d1  1.019  0.014  7.36  0.03  7.44  0.03  0.388  0.002  55.8  0.8 
Leu239 d2  0.909  0.012  6.15  0.07  6.44  0.07  0.334  0.005  49.2  0.8 
Leu241 d1  0.817  0.103  3.31  0.35  3.35  0.36  0.165  0.024  44.0  4.3 
Leu241 d2  0.867  0.012  6.65  0.06  7.06  0.06  0.398  0.005  47.0  0.8 
Leu246 d1  1.392  0.022  7.73  0.08  7.97  0.08  0.398  0.005  79.0  1.4 
Leu246 d2  0.936  0.020  6.16  0.14  6.31  0.15  0.345  0.010  50.8  1.2 
Leu247  0.684  0.006  2.45  0.07  2.52  0.07  0.114  0.005  36.2  0.3 
Leu250 d1  1.301  0.013  11.45  0.29  11.54  0.29  0.615  0.018  74.8  0.7 
Leu250 d2  1.668  0.027  9.02  0.13  9.29  0.13  0.488  0.008  97.8  1.9 
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UBP282 (tc = 32 ns) 
 
R1, s
-1  R1r, s
-1  R2, s
-1  S
2  tf, ns  Methyl ID 
mean  SD  mean  SD  mean  SD  mean  SD  mean  SD 
Val6 g1  1.424  0.023  14.36  0.11  14.37  0.11  0.747  0.007  83.3  1.6 
Val6 g2  0.995  0.011  14.47  0.09  14.48  0.09  0.838  0.004  56.3  0.7 
Val7 g2  0.675  0.011  13.62  0.10  13.63  0.10  0.756  0.005  37.0  0.7 
Val8 g1  0.670  0.008  12.58  0.10  12.59  0.10  0.713  0.006  36.3  0.5 
Val8 g2  0.995  0.031  15.75  0.11  15.75  0.11  0.895  0.007  57.3  2.1 
Ile11  0.152  0.012  9.00  0.29  10.18  0.33  0.690  0.019  6.8  0.5 
Leu12 d1  0.746  0.005  8.55  0.12  8.68  0.12  0.501  0.007  40.3  0.3 
Leu12 d2  1.221  0.019  9.22  0.24  9.74  0.26  0.522  0.018  69.0  1.2 
Val17  0.640  0.012  14.02  0.27  14.02  0.27  0.794  0.016  34.9  0.7 
Leu26 d1  0.583  0.008  11.63  0.19  11.67  0.19  0.696  0.010  31.2  0.5 
Leu26 d2  1.222  0.018  12.97  0.29  14.18  0.32  0.809  0.023  70.6  1.2 
Val37 g1  1.515  0.039  14.78  0.25  14.79  0.25  0.831  0.017  90.6  2.9 
Val37 g2  0.833  0.015  12.77  0.44  13.14  0.45  0.772  0.026  46.1  1.0 
Leu39 d1  1.017  0.007  12.05  0.17  12.19  0.17  0.685  0.012  56.9  0.5 
Leu39 d2  1.025  0.007  14.03  0.20  14.83  0.21  0.862  0.013  58.3  0.5 
Ile43  0.594  0.008  3.75  0.13  4.42  0.16  0.254  0.008  31.7  0.5 
Leu53 d2  0.762  0.011  5.37  0.23  5.72  0.24  0.289  0.014  40.8  0.6 
Ile55  0.308  0.015  4.42  0.37  6.25  0.53  0.414  0.038  15.7  0.8 
Val56 g1  0.236  0.012  13.13  0.36  13.42  0.37  0.852  0.022  11.0  0.7 
Val56 g2  0.743  0.026  10.55  0.24  10.56  0.24  0.566  0.017  40.6  1.3 
Ile70  0.487  0.009  3.41  0.16  4.15  0.21  0.256  0.014  25.7  0.5 
Val75 g1  0.861  0.007  12.50  0.18  12.52  0.18  0.722  0.011  47.7  0.5 
Val75 g2  0.908  0.017  13.45  0.27  13.45  0.27  0.759  0.016  50.8  0.8 
Leu78 d1  0.752  0.019  14.83  0.44  14.95  0.44  0.852  0.031  41.8  1.3 
Leu78 d2  0.851  0.007  10.32  0.09  11.31  0.10  0.662  0.007  46.9  0.4 
Val79 g1  1.582  0.013  10.73  0.12  10.74  0.12  0.575  0.010  92.8  1.0 
Val79 g2  0.942  0.009  9.99  0.11  10.06  0.11  0.572  0.007  52.1  0.5 
Ile85  0.243  0.006  9.64  0.18  10.42  0.19  0.684  0.013  12.0  0.3 
Ile87  0.359  0.010  9.69  0.23  11.57  0.27  0.746  0.015  18.5  0.8 
Leu90 d1  1.384  0.028  11.39  0.13  11.84  0.13  0.598  0.008  79.2  1.9 
Leu90 d2  0.737  0.010  12.67  0.17  13.86  0.19  0.796  0.013  40.3  0.6 
Ile92  0.257  0.005  9.53  0.08  11.11  0.10  0.742  0.007  12.6  0.3 
Leu94 d1  0.800  0.005  5.13  0.07  5.20  0.07  0.270  0.004  42.9  0.3 
Leu94 d2  1.057  0.013  6.27  0.12  6.51  0.13  0.311  0.009  57.8  0.6 
Val95  0.806  0.010  3.69  0.05  3.70  0.05  0.174  0.003  42.9  0.5 
Val99 g1  1.152  0.010  11.12  0.20  11.43  0.21  0.590  0.011  65.2  0.8 
Val99 g2  0.779  0.018  14.57  0.22  14.62  0.22  0.893  0.012  43.2  1.0 
Ile100  0.443  0.012  10.91  0.38  11.81  0.41  0.725  0.037  23.5  0.7 
Leu109 d1  1.228  0.015  12.53  0.21  12.93  0.22  0.737  0.013  70.6  0.9 
Leu109 d2  1.949  0.018  9.61  0.25  10.12  0.27  0.450  0.013  118.4  1.3   144
Ile111  0.487  0.046  6.33  0.22  7.78  0.27  0.493  0.020  26.3  2.6 
Ile113  0.232  0.012  8.98  0.23  10.23  0.26  0.661  0.016  11.4  0.5 
Ile115  0.416  0.021  9.94  0.63  10.82  0.69  0.689  0.037  21.8  1.2 
Ile121  0.375  0.007  12.20  0.33  12.76  0.34  0.856  0.027  19.4  0.4 
Ile133  0.435  0.010  8.18  0.07  9.14  0.08  0.595  0.006  22.8  0.5 
Ile152  0.542  0.013  4.18  0.13  5.03  0.16  0.303  0.010  28.7  0.7 
Val154 g1  1.469  0.014  6.13  0.14  6.16  0.14  0.282  0.008  82.9  1.1 
Val154 g2  0.955  0.010  9.91  0.15  10.04  0.16  0.566  0.012  52.9  0.6 
Val171  0.545  0.007  13.50  0.26  13.50  0.26  0.820  0.018  29.2  0.4 
Val178 g1  1.181  0.009  5.56  0.09  5.56  0.09  0.257  0.006  65.1  0.5 
Val178 g2  0.702  0.012  12.61  0.10  12.76  0.10  0.744  0.006  38.2  0.9 
Val181 g1  0.550  0.010  10.08  0.11  10.14  0.12  0.585  0.006  29.3  0.5 
Val181 g2  1.206  0.082  14.86  1.02  15.60  1.08  0.889  0.055  70.9  4.4 
Leu191  1.730  0.019  10.19  0.12  10.77  0.13  0.564  0.009  103.2  1.6 
Leu192  1.403  0.030  11.36  0.23  12.21  0.25  0.651  0.015  81.9  2.2 
Ile200  0.311  0.010  6.68  0.12  7.27  0.13  0.476  0.009  15.9  0.5 
Val211 g1  0.377  0.016  12.95  0.29  13.02  0.30  0.813  0.017  19.3  1.1 
Val211 g2  1.090  0.015  13.67  0.18  13.70  0.18  0.763  0.014  62.2  0.9 
Leu215  1.085  0.014  6.16  0.09  6.33  0.09  0.328  0.006  59.6  0.9 
Ile222  0.355  0.008  4.63  0.14  5.35  0.16  0.323  0.010  18.3  0.5 
Leu230  1.211  0.008  6.29  0.10  6.41  0.10  0.318  0.005  66.9  0.6 
Val234  0.871  0.017  13.10  0.42  13.15  0.43  0.788  0.024  48.6  0.9 
Leu236 d1  1.221  0.012  4.58  0.09  4.60  0.09  0.205  0.006  67.0  0.6 
Leu236 d2  1.446  0.037  13.07  0.35  13.76  0.37  0.702  0.021  84.8  2.7 
Val238  1.036  0.027  12.24  0.33  12.53  0.34  0.736  0.021  58.8  1.5 
Leu239 d1  1.473  0.028  9.60  0.16  9.72  0.16  0.477  0.010  84.2  1.6 
Leu239 d2  0.908  0.010  6.06  0.13  6.34  0.13  0.314  0.009  49.3  0.7 
Leu241 d1  0.830  0.033  2.40  0.18  2.42  0.18  0.095  0.012  44.4  1.7 
Leu241 d2  0.963  0.010  5.70  0.09  6.04  0.09  0.316  0.007  52.3  0.4 
Leu246 d1  1.414  0.015  6.89  0.08  7.09  0.08  0.330  0.006  79.9  0.9 
Leu246 d2  0.880  0.009  6.84  0.12  7.05  0.12  0.387  0.008  47.8  0.5 
Leu247  0.919  0.007  5.13  0.09  5.31  0.09  0.274  0.005  49.5  0.4 
Leu250 d1  0.807  0.012  6.29  0.13  6.35  0.13  0.318  0.009  43.3  0.7 
Leu250 d2  1.511  0.011  9.13  0.14  9.41  0.15  0.493  0.008  87.3  0.8 
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APPENDIX 9  
Chemical exchange contribution to transverse relaxation 
* R2(100) and R2(600) are transverse relaxation rates measured in the CPMG experiment at 
CPMG frequencies of 100 Hz and 600 Hz (lcyc of 4 and 24) respectively. R2(2200) is the 
transverse relaxation rate measured in the spin-lock experiment (spin-lock frequency of 2400 
Hz), corresponding to CPMG frequency of ~2200 Hz. Rex is equal to R2(100) – R2(2200). For 





Assignment  R2(100), s
-1  R2(600), s
-1  R2(2200), s
-1  Rex, s
-1  kex, 10
3 s
-1 
Val6 g1  16.3  15.7  13.8  2.5  4.2 
Val6 g2  15.2  13.0  13.6  1.6  0.4 
Val7 g1  14.9  12.2  13.0  1.9  0.4 
Val7 g2  15.5  14.4  15.2  0.3  − 
Val8 g1  15.4  14.1  15.1  0.3  − 
Val8 g2  17.2  15.6  15.4  1.7  0.7 
Ile11  11.7  10.8  11.7  0.0  − 
Leu12 d1  10.0  9.7  7.5  2.5  4.8 
Leu12 d2  8.5  7.7  10.5  -2.1  − 
Val17  15.7  14.9  15.2  0.5  − 
Leu26 d1  12.2  11.0  11.8  0.4  − 
Leu26 d2  14.3  15.9  13.2  1.1  − 
Val37 g1  17.3  14.9  17.5  -0.3  − 
Val37 g2  16.7  15.5  14.5  2.2  0.6 
Leu39 d1  13.7  12.0  12.1  1.6  − 
Leu39 d2  15.0  15.2  13.4  1.6  − 
Ile43  8.0  7.8  5.4  2.6  5.0 
Leu53 d1  20.4  15.5  14.8  5.6  1.1 
Leu53 d2  8.2  9.2  6.3  1.9  5.1 
Ile55  9.5  9.0  8.8  0.7  − 
Val56 g1  16.4  17.4  13.7  2.7  6.1 
Val56 g2  15.7  13.6  14.3  1.4  − 
Ile70  6.6  4.9  3.8  2.8  1.9 
Val75 g1  16.0  14.4  13.5  2.5  1.5 
Val75 g2  15.3  13.9  14.6  0.7  − 
Leu78 d1  21.1  14.8  11.5  9.6  2.6 
Leu78 d2  13.6  13.3  12.9  0.7  − 
Val79 g1  13.4  10.7  11.6  1.8  0.1 
Val79 g2  13.9  11.1  10.9  3.0  0.3 
Ile85  12.1  13.5  11.3  0.8  − 
Ile87  13.5  13.6  12.1  1.4  − 
Leu90 d1  14.2  12.1  13.1  1.0  −   146
Leu90 d2  14.8  13.7  13.1  1.7  3.8 
Ile92  12.5  12.0  12.6  -0.1  − 
Leu94 d1  8.5  6.6  7.8  0.7  − 
Leu94 d2  11.5  9.5  10.6  0.9  − 
Val95  9.1  7.7  4.9  4.2  3.7 
Val99 g1  15.3  14.4  12.5  2.8  4.3 
Val99 g2  15.1  12.7  12.8  2.3  0.1 
Ile100  10.2  10.7  8.8  1.4  − 
Leu109 d1  23.3  20.8  18.3  5.0  1.7 
Leu109 d2  13.0  12.0  13.0  0.0  − 
Ile111  29.2  19.3  10.5  18.8  2.0 
Ile113  12.1  11.1  11.1  1.0  − 
Ile115  11.9  12.8  10.5  1.4  − 
Ile121  26.9  16.0  13.2  13.7  1.6 
Ile133  10.3  11.1  8.4  1.9  5.5 
Ile152  10.2  6.1  7.2  3.0  0.1 
Val154 g1  7.8  4.9  6.1  1.7  0.1 
Val171  14.8  13.8  15.1  -0.3  − 
Val178 g1  8.0  6.4  7.1  0.9  − 
Val178 g2  15.4  13.3  13.7  1.7  0.1 
Val181 g1  12.8  13.1  10.3  2.5  5.2 
Val181 g2  17.3  15.3  15.8  1.5  − 
Leu191  9.6  6.5  7.4  2.2  0.1 
Leu192  13.1  11.7  12.2  1.0  − 
Ile200  13.1  12.8  13.7  -0.6  − 
Val211 g1  23.0  14.2  9.6  13.4  2.4 
Val211 g2  12.9  8.9  8.2  4.8  1.5 
Leu215  9.2  8.4  6.2  3.1  4.2 
Ile222  7.6  7.4  5.1  2.5  4.9 
Leu230  8.5  7.9  5.2  3.3  4.2 
Val234  14.8  14.1  14.2  0.7  − 
Leu236 d1  9.3  7.2  7.9  1.4  − 
Leu236 d2  14.1  11.8  13.2  0.9  − 
Val238  14.9  14.3  12.1  2.7  3.9 
Leu239 d1  13.1  12.3  10.2  2.8  4.7 
Leu239 d2  11.0  6.0  7.7  3.2  0.5 
Leu241 d1  10.0  9.3  7.3  2.7  4.4 
Leu241 d2  12.3  11.1  12.5  -0.1  − 
Leu246 d1  5.1  5.8  3.7  1.4  − 
Leu246 d2  3.3  1.8  4.1  -0.7  − 
Leu247  9.0  6.4  4.2  4.8  2.4 
Leu250 d1  8.9  9.6  6.8  2.1  5.7 
Leu250 d2  11.4  10.9  8.9  2.5  4.5 
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AMPA 
 
Assignment  R2(100), s
-1  R2(600), s
-1  R2(2200), s
-1  Rex, s
-1  kex, 10
3 s
-1 
Val6 g1  15.0  15.5  14.1  0.9  − 
Val6 g2  14.8  15.4  13.8  1.0  − 
Val7 g1  14.3  12.2  11.4  2.9  0.6 
Val7 g2  14.3  12.8  13.9  0.4  − 
Val8 g1  14.7  14.6  13.5  1.3  − 
Val8 g2  17.4  14.7  13.7  3.7  1.2 
Ile11  11.7  11.4  10.8  0.9  − 
Leu12 d1  8.9  8.5  7.4  1.5  − 
Leu12 d2  9.0  8.4  7.9  1.1  − 
Val17  14.5  12.4  12.4  2.1  1.1 
Leu26 d1  11.8  11.3  10.5  1.3  − 
Leu26 d2  14.5  15.7  14.4  0.1  − 
Val37 g1  15.0  9.6  11.7  3.3  0.4 
Val37 g2  18.4  14.7  13.4  5.0  1.7 
Leu39 d1  12.5  10.7  10.7  1.9  0.4 
Leu39 d2  14.3  13.0  12.6  1.7  1.0 
Ile43  6.5  4.9  4.1  2.4  1.9 
Leu53 d1  15.3  13.9  13.3  2.1  2.8 
Leu53 d2  6.6  5.6  5.4  1.2  − 
Ile55  8.7  9.4  8.0  0.7  − 
Val56 g1  12.8  10.5  10.8  2.0  0.6 
Val56 g2  14.6  10.8  11.6  3.0  0.1 
Ile70  4.8  3.3  4.0  0.8  − 
Val75 g1  14.6  14.7  13.0  1.6  − 
Val75 g2  15.6  12.9  12.2  3.3  1.1 
Leu78 d1  40.0  18.6  10.2  29.8  1.5 
Leu78 d2  13.2  13.3  11.5  1.7  − 
Val79 g1  12.3  9.6  9.0  3.3  0.8 
Val79 g2  12.1  9.4  10.8  1.3  − 
Ile85  10.4  11.4  10.5  -0.1  − 
Ile87  12.8  11.0  10.3  2.5  1.6 
Leu90 d1  13.7  12.3  11.7  2.0  0.7 
Leu90 d2  13.2  13.6  12.2  1.1  − 
Ile92  11.0  10.0  9.7  1.2  − 
Leu94 d1  6.9  5.9  4.6  2.2  3.2 
Leu94 d2  9.1  12.2  9.3  -0.2  − 
Val95  7.6  4.9  4.8  2.8  0.7 
Val99 g1  14.5  13.7  11.5  3.0  4.1 
Val99 g2  12.3  11.5  13.2  -0.9  − 
Ile100  10.0  11.8  9.9  0.1  − 
Leu109 d1  21.6  18.4  17.6  4.0  0.9 
Leu109 d2  13.5  11.1  11.0  2.5  0.9   148
Ile111  17.0  12.0  8.2  8.8  2.5 
Ile113  14.4  11.9  9.7  4.7  2.7 
Ile115  13.3  12.6  11.0  2.3  − 
Ile121  16.7  14.7  12.2  4.5  3.3 
Ile133  8.7  7.8  7.6  1.1  − 
Ile152  5.7  6.6  5.2  0.4  − 
Val154 g1  7.8  6.0  4.8  3.0  2.1 
Val154 g2  10.7  10.0  9.0  1.7  2.4 
Val171  14.4  14.3  13.6  0.8  − 
Val178 g1  8.3  6.8  6.1  2.1  1.7 
Val178 g2  14.4  14.9  13.7  0.6  − 
Val181 g1  11.7  11.6  10.5  1.2  − 
Val181 g2  16.5  16.3  14.7  1.8  5.0 
Leu191  6.2  3.9  3.7  2.4  1.3 
Leu192  12.5  12.0  10.6  1.9  4.2 
Ile200  12.0  13.1  12.1  -0.1  − 
Val211 g1  59.5  26.0  9.7  49.9  0.1 
Val211 g2  19.4  12.4  8.2  11.2  2.4 
Leu215  7.1  4.8  4.9  2.2  0.5 
Ile222  6.6  6.6  5.5  1.1  − 
Leu230  7.2  5.8  5.3  2.0  0.9 
Val234  14.4  12.7  12.1  2.3  1.2 
Leu236 d1  10.0  9.4  7.4  2.6  4.1 
Leu236 d2  12.6  11.9  11.7  0.9  − 
Val238  13.7  12.4  11.4  2.3  1.2 
Leu239 d1  16.4  15.4  13.5  2.9  3.1 
Leu239 d2  6.6  8.4  7.2  -0.5  − 
Leu241 d1  8.8  8.6  7.2  1.5  − 
Leu241 d2  11.6  9.7  9.8  1.8  0.6 
Leu246 d1  6.7  8.0  5.9  0.8  − 
Leu246 d2  3.7  2.8  2.0  1.7  1.6 
Leu247  6.9  6.1  5.3  1.6  − 
Leu250 d1  7.5  5.7  5.6  1.9  0.1 
Leu250 d2  10.5  9.4  8.4  2.2  0.9 
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Fluorowillardiine 
 
Assignment  R2(100), s
-1  R2(600), s
-1  R2(2200), s
-1  Rex, s
-1  kex, 10
3 s
-1 
Val6 g1  14.6  13.1  12.6  1.9  1.2 
Val6 g2  14.8  13.7  12.9  1.9  0.8 
Val7 g1  15.2  13.4  11.2  4.0  2.2 
Val7 g2  14.3  13.6  13.2  1.1  − 
Val8 g1  14.6  13.4  12.9  1.7  1.5 
Val8 g2  15.8  15.3  13.5  2.3  4.3 
Ile11  12.1  13.2  9.0  3.1  3.3 
Leu12 d1  9.4  9.4  8.0  1.4  − 
Leu12 d2  8.6  6.3  7.4  1.2  − 
Val17  13.9  13.2  12.6  1.3  − 
Leu26 d1  11.6  12.3  10.9  0.6  − 
Leu26 d2  15.3  20.2  16.1  -0.8  − 
Val37 g1  16.4  15.9  14.6  1.8  0.6 
Val37 g2  16.4  14.3  15.2  1.3  − 
Leu39 d1  12.4  10.3  10.4  2.0  0.1 
Leu39 d2  14.1  13.6  12.9  1.2  − 
Ile43  7.5  7.9  6.3  1.2  − 
Leu53 d1  15.2  13.7  14.0  1.2  − 
Leu53 d2  6.6  5.7  5.3  1.3  − 
Ile55  8.7  9.1  7.1  1.6  − 
Val56 g1  13.5  12.8  12.6  0.9  − 
Val56 g2  13.8  11.6  11.6  2.2  − 
Ile70  4.5  3.5  4.7  -0.2  − 
Val75 g1  15.1  14.7  13.3  1.8  4.2 
Val75 g2  14.7  14.4  11.8  2.9  4.7 
Leu78 d1  60.0  25.1  10.8  49.2  1.4 
Leu78 d2  12.3  12.0  10.5  1.8  4.4 
Val79 g1  12.1  10.1  9.9  2.2  1.1 
Val79 g2  12.8  11.6  10.5  2.3  0.2 
Ile85  10.8  12.4  11.0  -0.2  − 
Ile87  13.0  13.7  11.6  1.4  − 
Leu90 d1  14.4  12.7  11.2  3.2  2.3 
Leu90 d2  13.1  12.7  11.6  1.5  − 
Ile92  10.9  10.5  9.8  1.1  − 
Leu94 d1  6.5  5.3  5.1  1.5  − 
Leu94 d2  7.9  8.0  7.0  0.9  − 
Val95  6.2  4.5  4.3  1.9  0.9 
Val99 g1  11.5  11.8  9.9  1.6  − 
Val99 g2  11.6  12.0  11.4  0.2  − 
Ile100  9.5  10.8  9.5  0.0  − 
Leu109 d1  19.1  17.1  15.3  3.8  2.8 
Leu109 d2  12.1  11.0  10.1  2.0  2.4   150
Ile111  25.0  13.1  9.3  15.7  1.7 
Ile113  16.4  10.1  9.5  6.9  1.9 
Ile115  15.6  14.6  9.3  6.3  2.1 
Ile121  14.8  14.4  12.2  2.6  4.4 
Ile133  8.5  7.5  7.6  0.9  − 
Ile152  5.5  6.1  5.2  0.3  − 
Val154 g1  8.0  8.7  6.2  1.8  5.7 
Val154 g2  10.0  8.9  8.2  1.8  1.2 
Val171  14.0  12.8  12.9  1.1  − 
Val178 g1  6.7  7.1  5.9  0.8  − 
Val178 g2  14.9  14.8  13.3  1.6  − 
Val181 g1  11.8  13.2  10.7  1.1  − 
Val181 g2  16.4  14.4  13.9  2.5  0.1 
Leu191  8.6  5.8  4.7  3.9  1.9 
Leu192  12.2  13.0  11.0  1.2  − 
Ile200  13.3  12.0  10.7  2.6  3.4 
Val211 g1  71.9  39.4  9.9  62.1  3.0 
Val211 g2  25.7  12.3  7.1  18.7  2.1 
Leu215  7.2  4.5  4.4  2.8  0.6 
Ile222  7.1  6.4  5.2  1.9  4.2 
Leu230  8.0  8.5  6.5  1.5  − 
Val234  14.2  14.1  12.4  1.8  4.6 
Leu236 d1  10.2  9.3  7.1  3.1  4.1 
Leu236 d2  13.6  12.9  12.2  1.4  − 
Val238  13.6  13.9  11.4  2.1  5.0 
Leu239 d1  10.7  8.4  8.9  1.8  0.4 
Leu239 d2  7.5  9.6  7.1  0.5  − 
Leu241 d1  20.7  16.8  13.8  6.9  1.8 
Leu241 d2  12.0  13.6  9.3  2.7  5.6 
Leu246 d1  4.5  5.0  3.6  0.9  − 
Leu246 d2  10.7  5.8  5.3  5.4  1.2 
Leu247  3.5  2.3  2.2  1.4  − 
Leu250 d1  7.3  5.8  5.4  1.8  0.7 
Leu250 d2  10.5  8.9  8.0  2.5  1.1 
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Chlorowillardiine 
 
Assignment  R2(100), s
-1  R2(600), s
-1  R2(2200), s
-1  Rex, s
-1  kex, 10
3 s
-1 
Val6 g1  16.3  15.8  12.8  3.5  3.3 
Val6 g2  16.9  16.0  14.0  2.9  4.7 
Val7 g1  16.2  15.5  12.6  3.6  4.1 
Val7 g2  15.0  15.1  13.6  1.3  − 
Val8 g1  14.5  12.7  12.9  1.6  2.6 
Val8 g2  16.9  14.3  13.1  3.8  2.4 
Ile11  12.3  12.7  10.4  1.9  5.0 
Leu12 d1  10.7  10.4  8.4  2.2  5.0 
Leu12 d2  8.6  7.4  7.2  1.5  − 
Val17  16.5  15.6  13.4  3.1  4.1 
Leu26 d1  12.7  12.7  11.0  1.7  5.1 
Leu26 d2  14.3  15.7  15.2  -0.9  − 
Val37 g1  16.4  14.6  13.5  2.8  3.4 
Val37 g2  17.4  15.7  14.2  3.2  1.9 
Leu39 d1  13.0  12.7  11.5  1.5  − 
Leu39 d2  14.2  13.9  13.0  1.2  − 
Ile43  10.3  9.6  6.6  3.7  4.5 
Leu53 d1  16.4  14.7  13.9  2.5  3.2 
Leu53 d2  8.5  9.3  6.5  2.1  4.8 
Ile55  8.6  8.3  9.7  -1.0  − 
Val56 g1  10.9  12.7  13.2  -2.3  − 
Val56 g2  15.1  15.5  11.3  3.8  3.3 
Ile70  5.7  4.9  4.3  1.5  − 
Val75 g1  17.4  14.7  13.1  4.3  2.8 
Val75 g2  15.1  14.1  13.2  1.9  2.8 
Leu78 d1  16.9  12.9  9.5  7.4  1.5 
Leu78 d2  13.2  12.5  10.5  2.8  3.0 
Val79 g1  12.7  12.1  10.3  2.4  3.7 
Val79 g2  13.4  12.9  10.6  2.8  4.5 
Ile85  11.7  13.4  10.8  0.8  − 
Ile87  14.0  12.7  10.9  3.1  3.7 
Leu90 d1  14.8  13.0  11.7  3.1  3.1 
Leu90 d2  14.4  15.8  13.1  1.3  − 
Ile92  13.2  11.2  10.1  3.2  2.0 
Leu94 d1  8.8  7.2  5.5  3.3  3.3 
Leu94 d2  9.4  9.3  7.5  1.9  5.1 
Val95  7.8  6.1  4.6  3.2  2.7 
Val99 g1  13.6  13.3  11.0  2.6  3.8 
Val99 g2  14.4  11.8  10.9  3.6  1.1 
Ile100  12.1  11.1  10.4  1.8  3.4 
Leu109 d1  29.4  20.1  15.8  13.6  1.3 
Leu109 d2  16.1  13.3  10.3  5.7  2.9   152
Ile111  30.6  16.7  13.7  16.9  0.7 
Ile113  14.7  12.7  10.0  4.7  1.6 
Ile115  22.3  22.1  12.7  9.6  2.5 
Ile121  15.3  16.3  11.7  3.5  3.6 
Ile133  10.1  9.5  8.6  1.4  − 
Ile152  7.0  6.7  4.8  2.2  4.3 
Val154 g1  8.3  6.8  5.1  3.2  2.9 
Val154 g2  10.3  8.9  7.8  2.6  1.8 
Val171  16.0  15.9  14.1  1.9  4.6 
Val178 g1  7.9  8.4  6.1  1.8  5.7 
Val178 g2  14.5  15.8  13.8  0.7  − 
Val181 g1  14.4  13.6  10.4  4.0  4.2 
Val181 g2  15.6  16.3  14.6  1.0  − 
Leu191  8.4  5.3  4.2  4.2  2.1 
Leu192  13.3  12.6  10.4  2.9  4.6 
Ile200  15.9  14.5  12.0  3.9  2.9 
Val211 g1  9.2  5.6  2.1  7.1  3.4 
Val211 g2  26.0  14.4  7.7  18.3  2.1 
Leu215  8.6  6.7  5.1  3.5  2.3 
Ile222  6.7  6.8  5.8  0.9  − 
Leu230  8.3  6.7  5.3  3.0  2.1 
Val234  14.4  13.5  12.8  1.6  2.8 
Leu236 d1  10.5  9.1  6.8  3.7  3.6 
Leu236 d2  13.5  11.7  11.4  2.1  3.2 
Val238  14.4  13.1  11.4  3.0  3.2 
Leu239 d1  3.6  1.4  2.3  1.3  − 
Leu239 d2  7.8  8.5  6.6  1.2  − 
Leu241 d1  4.9  4.9  3.5  1.3  − 
Leu241 d2  11.6  12.1  10.5  1.2  − 
Leu246 d1  9.2  6.3  5.9  3.2  1.2 
Leu246 d2  15.8  11.1  7.8  8.0  2.5 
Leu247  4.5  3.2  2.0  2.6  2.3 
Leu250 d1  9.0  7.8  6.5  2.5  2.9 
Leu250 d2  11.9  10.4  9.3  2.6  2.5 
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Iodowillardiine 
 
Assignment  R2(100), s
-1  R2(600), s
-1  R2(2200), s
-1  Rex, s
-1  kex, 10
3 s
-1 
Val6 g1  15.8  14.8  13.4  2.3  3.4 
Val6 g2  15.6  14.5  12.7  2.9  3.2 
Val7 g1  15.8  14.7  12.1  3.8  3.6 
Val7 g2  15.3  15.1  13.1  2.2  3.9 
Val8 g1  14.6  12.9  12.7  1.9  1.7 
Val8 g2  18.2  16.0  14.0  4.2  1.4 
Ile11  12.7  11.1  10.3  2.4  3.4 
Leu12 d1  9.5  10.0  8.2  1.3  − 
Leu12 d2  9.0  11.3  8.7  0.3  − 
Val17  15.3  14.9  13.2  2.1  4.1 
Leu26 d1  10.7  10.3  10.0  0.7  − 
Leu26 d2  16.1  17.9  15.5  0.7  − 
Val37 g1  16.3  16.4  14.7  1.6  − 
Val37 g2  16.9  14.5  12.3  4.6  1.5 
Leu39 d1  13.8  12.8  11.1  2.7  3.3 
Leu39 d2  17.0  14.9  13.5  3.5  1.1 
Ile43  7.7  5.8  4.4  3.2  3.2 
Leu53 d1  15.1  14.7  13.6  1.6  − 
Leu53 d2  8.6  8.5  6.0  2.6  4.2 
Ile55  8.7  7.9  7.2  1.5  − 
Val56 g1  12.7  14.8  12.7  0.1  − 
Val56 g2  13.8  10.6  12.1  1.7  − 
Ile70  5.3  3.1  4.1  1.2  − 
Val75 g1  18.7  12.9  12.8  5.9  1.1 
Val75 g2  14.6  12.4  12.7  1.8  0.1 
Leu78 d1  55.0  30.1  13.5  41.4  2.0 
Leu78 d2  12.6  13.4  10.8  1.7  4.3 
Val79 g1  12.6  11.8  10.1  2.5  3.6 
Val79 g2  12.0  10.0  9.2  2.8  0.9 
Ile85  11.4  11.3  10.0  1.4  − 
Ile87  12.7  11.4  11.7  1.0  − 
Leu90 d1  13.4  11.9  11.3  2.1  1.4 
Leu90 d2  14.9  13.6  11.5  3.5  3.7 
Ile92  16.2  12.1  10.6  5.6  1.2 
Leu94 d1  9.3  8.0  6.1  3.2  3.2 
Leu94 d2  9.4  8.5  6.7  2.7  3.9 
Val95  8.8  7.9  5.8  3.1  3.7 
Val99 g1  14.5  14.4  11.4  3.1  4.3 
Val99 g2  15.0  13.1  12.1  2.9  0.1 
Ile100  13.9  9.5  8.6  5.3  1.2 
Leu109 d1  29.3  16.5  12.7  16.6  1.2 
Leu109 d2  26.1  14.4  10.7  15.4  1.2   154
Ile111  19.8  14.0  10.7  9.1  2.5 
Ile113  15.4  12.0  9.5  5.8  2.6 
Ile115  12.2  13.2  9.8  2.4  1.9 
Ile121  14.9  13.5  11.6  3.3  3.4 
Ile133  9.3  9.6  8.3  1.0  − 
Ile152  6.3  7.0  5.3  1.0  − 
Val154 g1  7.4  5.7  4.2  3.2  2.9 
Val154 g2  10.5  10.9  9.1  1.4  − 
Val171  18.3  14.1  13.5  4.8  1.2 
Val178 g1  6.6  5.3  4.5  2.1  1.7 
Val178 g2  15.3  15.5  13.2  2.1  5.5 
Val181 g1  11.7  10.1  9.1  2.6  2.1 
Val181 g2  16.1  13.5  13.2  3.0  2.6 
Leu191  12.5  11.9  9.8  2.7  4.2 
Leu192  12.5  12.9  10.7  1.8  5.6 
Ile200  19.6  12.1  10.4  9.2  2.0 
Val211 g1  7.5  5.2  13.3  -5.8  − 
Val211 g2  20.3  12.2  7.6  12.7  2.4 
Leu215  7.9  5.8  4.4  3.6  2.4 
Ile222  8.8  7.9  6.3  2.5  3.6 
Leu230  7.2  5.0  6.6  0.5  − 
Val234  14.4  14.5  13.0  1.4  − 
Leu236 d1  9.9  8.7  5.9  4.1  3.9 
Leu236 d2  12.2  12.1  11.1  1.1  − 
Val238  14.5  13.1  11.8  2.7  2.6 
Leu239 d1  7.3  6.3  5.2  2.1  2.5 
Leu239 d2  8.5  10.0  4.3  4.2  2.7 
Leu241 d1  4.4  3.1  6.0  -1.6  − 
Leu241 d2  10.9  7.5  4.9  6.0  2.7 
Leu246 d1  10.5  10.1  7.5  3.0  4.8 
Leu246 d2  25.8  8.9  6.2  19.6  1.0 
Leu247  4.8  6.2  3.7  1.2  − 
Leu250 d1  12.0  10.4  9.7  2.3  2.6 
Leu250 d2  11.4  10.8  8.8  2.5  4.4 
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Kainate 
 
Assignment  R2(100), s
-1  R2(600), s
-1  R2(2200), s
-1  Rex, s
-1  kex, 10
3 s
-1 
Val6 g1  15.1  13.4  13.1  2.0  0.9 
Val6 g2  13.4  11.1  11.5  1.9  0.6 
Val7 g1  14.4  12.2  11.7  2.7  0.9 
Val7 g2  14.4  12.7  12.9  1.5  − 
Val8 g1  15.4  14.9  13.6  1.9  4.7 
Val8 g2  15.2  14.7  13.9  1.3  − 
Ile11  10.9  12.1  10.3  0.6  − 
Leu12 d1  9.5  8.9  7.9  1.5  − 
Leu12 d2  8.9  8.8  8.1  0.9  − 
Val17  14.9  12.8  12.5  2.3  0.8 
Leu26 d1  11.6  13.2  11.4  0.2  − 
Leu26 d2  17.6  15.8  14.0  3.6  3.9 
Val37 g1  16.2  13.8  13.8  2.4  0.8 
Val37 g2  16.0  13.5  12.9  3.1  0.9 
Leu39 d1  13.0  10.4  10.7  2.3  0.1 
Leu39 d2  14.2  13.1  13.0  1.2  − 
Ile43  6.8  6.7  5.4  1.4  − 
Leu53 d1  30.7  23.2  12.1  18.5  1.5 
Leu53 d2  7.1  7.7  6.2  0.9  − 
Ile55  8.3  10.4  7.5  0.8  − 
Val56 g1  13.5  16.2  13.8  -0.3  − 
Val56 g2  12.8  13.1  11.4  1.4  − 
Ile70  5.0  6.6  5.5  -0.5  − 
Val75 g1  15.0  12.1  13.5  1.5  − 
Val75 g2  14.4  15.0  13.8  0.6  − 
Leu78 d1  43.6  31.9  17.6  26.0  2.5 
Leu78 d2  12.6  12.8  11.2  1.4  − 
Val79 g1  11.5  8.6  9.0  2.5  0.7 
Val79 g2  12.3  12.1  10.4  1.8  4.7 
Ile85  10.4  11.9  10.4  0.0  − 
Ile87  13.5  12.9  11.6  1.8  4.8 
Leu90 d1  14.0  13.3  12.3  1.8  3.5 
Leu90 d2  13.1  12.0  11.6  1.5  − 
Ile92  9.4  9.7  8.9  0.5  − 
Leu94 d1  11.4  11.2  9.9  1.4  − 
Leu94 d2  8.3  8.6  7.3  1.0  − 
Val95  5.5  4.5  4.1  1.4  − 
Val99 g1  12.4  12.5  10.4  2.0  5.2 
Val99 g2  15.6  15.0  14.2  1.3  − 
Ile100  11.9  11.8  10.8  1.1  − 
Leu109 d1  17.8  15.5  14.5  3.3  0.7 
Leu109 d2  13.0  12.2  11.2  1.8  2.9   156
Ile111  12.4  8.6  7.3  5.1  1.7 
Ile113  14.2  12.5  10.8  3.4  3.8 
Ile115  11.6  13.0  11.5  0.1  − 
Ile121  13.5  14.0  11.9  1.6  − 
Ile133  9.4  9.8  8.7  0.7  − 
Ile152  5.9  6.5  5.4  0.6  − 
Val154 g1  6.9  4.8  4.4  2.4  1.1 
Val154 g2  10.5  11.3  9.6  0.9  − 
Val171  16.9  16.0  14.8  2.1  1.1 
Val178 g1  6.9  8.5  6.2  0.6  − 
Val178 g2  14.1  13.9  13.3  0.8  − 
Val181 g1  11.3  9.8  9.7  1.6  − 
Val181 g2  17.4  17.3  13.3  4.0  4.4 
Leu191  7.3  7.6  5.7  1.6  − 
Leu192  12.3  13.0  11.3  1.0  − 
Ile200  6.4  5.8  5.3  1.1  − 
Val211 g1  12.5  11.6  10.9  1.6  − 
Val211 g2  14.4  10.4  8.2  6.3  2.4 
Leu215  7.9  7.3  6.0  1.9  3.9 
Ile222  6.8  7.2  5.9  0.9  − 
Leu230  7.3  7.3  6.0  1.3  − 
Val234  14.0  12.4  12.3  1.7  0.8 
Leu236 d1  10.1  11.5  8.3  1.8  6.3 
Leu236 d2  13.7  14.1  13.3  0.4  − 
Val238  13.4  11.2  11.4  1.9  0.5 
Leu239 d1  7.8  8.8  7.3  0.6  − 
Leu239 d2  6.1  5.2  5.0  1.2  − 
Leu241 d1  2.4  1.2  1.3  1.1  − 
Leu241 d2  12.3  12.5  11.3  1.0  − 
Leu246 d1  11.6  10.4  8.8  2.9  1.8 
Leu246 d2  10.8  10.6  9.5  1.3  − 
Leu247  4.3  4.5  3.4  0.9  − 
Leu250 d1  15.5  13.5  12.4  3.1  1.9 
Leu250 d2  9.6  9.3  7.6  2.0  4.8 
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DNQX 
 
Assignment  R2(100), s
-1  R2(600), s
-1  R2(2200), s
-1  Rex, s
-1  kex, 10
3 s
-1 
Val6 g1  16.0  15.5  14.0  2.0  3.8 
Val6 g2  16.1  13.9  15.0  1.1  − 
Val7 g1  15.3  12.3  12.2  3.0  1.1 
Val7 g2  16.1  14.2  14.1  2.0  0.8 
Val8 g1  14.1  12.5  13.2  0.9  − 
Val8 g2  19.0  17.1  15.0  4.0  0.6 
Ile11  12.2  12.8  10.8  1.4  − 
Leu12 d1  10.5  10.5  8.7  1.8  1.1 
Leu12 d2  10.8  10.8  9.1  1.6  − 
Leu26 d1  12.8  13.4  11.1  1.8  6.1 
Leu26 d2  14.7  15.0  12.0  2.8  4.2 
Val37 g1  16.6  15.5  14.8  1.7  0.6 
Val37 g2  17.3  15.0  13.9  3.4  0.1 
Leu39 d1  13.8  13.2  11.6  2.2  0.1 
Leu39 d2  14.7  14.6  13.9  0.8  − 
Ile43  6.7  8.3  6.6  0.2  − 
Leu53 d2  3.7  1.2  2.8  1.0  − 
Ile55  9.0  9.9  6.8  2.2  4.4 
Val56 g1  13.3  15.2  13.7  -0.4  − 
Val56 g2  9.0  6.7  8.4  0.6  − 
Ile70  5.1  6.7  2.9  2.2  4.3 
Val75 g1  15.6  15.9  13.3  2.3  4.9 
Val75 g2  14.9  14.2  13.2  1.7  − 
Leu78 d1  27.1  19.3  13.7  13.4  1.5 
Leu78 d2  13.2  12.7  12.0  1.1  − 
Val79 g1  13.6  12.7  11.5  2.1  1.2 
Val79 g2  12.6  12.0  11.2  1.4  − 
Ile85  10.2  12.7  11.0  -0.8  − 
Ile87  10.2  10.7  11.8  -1.5  − 
Leu90 d1  15.2  14.6  13.2  2.0  5.0 
Leu90 d2  14.2  16.6  14.3  -0.1  − 
Ile92  12.1  12.0  10.8  1.3  − 
Leu94 d1  6.8  4.7  5.5  1.3  − 
Leu94 d2  6.8  6.0  5.4  1.4  − 
Val95  5.5  4.6  3.9  1.5  − 
Val99 g1  13.3  13.8  11.7  1.6  − 
Val99 g2  17.6  17.4  15.5  2.1  6.1 
Ile100  11.1  10.7  7.6  3.5  3.7 
Leu109 d1  17.3  16.4  15.5  1.9  0.1 
Leu109 d2  9.1  7.0  7.1  2.0  0.1 
Ile111  10.5  8.5  7.9  2.6  1.7 
Ile113  12.7  14.3  11.7  0.9  −   158
Ile115  23.3  20.6  10.1  13.2  0.03 
Ile121  15.7  14.4  13.1  2.6  4.8 
Ile133  8.9  10.5  9.3  -0.4  − 
Ile152  5.4  5.7  4.0  1.4  − 
Val154 g1  7.7  7.3  5.9  1.8  4.6 
Val154 g2  10.3  11.0  9.9  0.4  − 
Val171  13.8  14.2  13.7  0.0  − 
Val178 g1  6.6  6.0  5.1  1.5  − 
Val178 g2  14.6  12.6  14.1  0.5  − 
Val181 g1  13.1  11.6  10.7  2.4  0.4 
Val181 g2  18.7  18.2  14.3  4.4  4.0 
Leu191  11.0  11.9  7.8  3.2  4.2 
Leu192  13.8  12.7  11.1  2.7  4.4 
Ile200  12.1  14.7  10.8  1.3  − 
Val211 g1  11.9  12.6  12.7  -0.7  − 
Val211 g2  16.1  13.7  10.3  5.8  3.5 
Leu215  7.9  8.2  6.6  1.3  − 
Ile222  7.6  7.3  6.7  0.9  − 
Leu230  7.2  6.0  5.6  1.7  0.4 
Val234  13.7  13.7  12.9  0.9  − 
Leu236 d1  6.7  6.0  5.6  1.1  − 
Leu236 d2  13.6  13.4  13.0  0.6  − 
Val238  14.5  13.0  12.9  1.6  − 
Leu239 d1  9.0  8.7  7.4  1.6  − 
Leu239 d2  7.7  7.6  6.4  1.3  − 
Leu241 d1  2.5  3.4  3.4  -0.8  − 
Leu241 d2  7.5  9.0  7.1  0.4  − 
Leu246 d1  10.4  10.3  8.0  2.4  4.8 
Leu246 d2  9.6  6.7  6.3  3.3  1.6 
Leu247  3.5  2.9  2.5  1.0  − 
Leu250 d1  11.7  11.8  11.5  0.2  − 
Leu250 d2  13.2  9.9  9.3  3.9  0.7 
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Assignment  R2(100), s
-1  R2(600), s
-1  R2(2200), s
-1  Rex, s
-1  kex, 10
3 s
-1 
Val6 g1  16.4  14.2  14.4  2.0  0.1 
Val6 g2  16.2  14.4  14.5  1.7  0.4 
Val7 g2  15.2  14.4  13.6  1.6  − 
Val8 g1  15.1  15.3  12.6  2.5  5.3 
Val8 g2  17.9  17.2  15.8  2.1  1.8 
Ile11  11.9  12.4  10.2  1.7  5.8 
Leu12 d1  11.8  11.4  8.7  3.2  4.3 
Leu12 d2  10.9  12.8  9.7  1.1  − 
Val17  16.0  14.6  14.0  2.0  0.9 
Leu26 d1  11.8  12.2  11.7  0.1  − 
Leu26 d2  15.7  15.4  14.2  1.5  − 
Val37 g1  17.7  17.7  14.8  2.9  4.9 
Val37 g2  17.6  15.4  13.1  4.5  2.0 
Leu39 d1  14.2  13.4  12.2  2.0  0.1 
Leu39 d2  14.4  16.1  14.8  -0.4  − 
Ile43  7.4  7.2  4.4  3.0  4.7 
Leu53 d1  19.9  32.1  18.6  1.3  − 
Leu53 d2  6.0  5.4  5.7  0.2  − 
Ile55  9.8  11.0  6.2  3.5  3.3 
Val56 g1  13.6  14.8  13.4  0.2  − 
Val56 g2  9.8  10.7  10.6  -0.7  − 
Ile70  5.4  6.3  4.2  1.3  − 
Val75 g1  16.0  14.5  12.5  3.5  2.7 
Val75 g2  15.7  13.8  13.5  2.2  1.0 
Leu78 d1  44.5  27.4  15.0  29.5  2.3 
Leu78 d2  13.4  14.8  11.3  2.1  4.5 
Val79 g1  12.3  11.3  10.7  1.6  − 
Val79 g2  12.6  10.1  10.1  2.5  0.1 
Ile85  11.0  10.2  10.4  0.6  − 
Ile87  13.5  11.8  11.6  1.9  0.1 
Leu90 d1  15.0  14.5  11.8  3.1  4.6 
Leu90 d2  14.6  14.4  13.9  0.8  − 
Ile92  12.0  10.6  11.1  0.9  − 
Leu94 d1  7.4  5.4  5.2  2.2  0.7 
Leu94 d2  11.1  11.5  6.5  4.6  3.1 
Val95  6.4  2.9  3.7  2.8  0.1 
Val99 g1  14.9  15.0  11.4  3.5  3.8 
Val99 g2  16.6  15.5  14.6  2.0  0.9 
Ile100  14.6  13.0  11.8  2.8  3.0 
Leu109 d1  17.1  15.8  12.9  4.2  4.0 
Leu109 d2  12.0  10.9  10.1  1.9  2.6 
Ile111  23.8  13.8  7.8  16.0  2.6   160
Ile113  14.3  12.6  10.2  4.1  3.5 
Ile115  14.5  12.4  10.8  3.7  1.9 
Ile121  13.8  13.9  12.8  1.0  − 
Ile133  9.6  8.5  9.1  0.5  − 
Ile152  7.0  4.3  5.0  1.9  0.1 
Val154 g1  8.2  7.1  6.2  2.1  0.5 
Val154 g2  11.2  10.1  10.0  1.2  − 
Val171  16.4  15.8  13.5  2.9  4.3 
Val178 g1  6.9  5.5  5.6  1.4  − 
Val178 g2  15.6  16.3  12.8  2.8  4.6 
Val181 g1  12.7  12.5  10.1  2.6  4.7 
Val181 g2  19.7  15.8  15.6  4.1  0.1 
Leu191  13.2  13.4  10.8  2.4  4.8 
Leu192  12.8  12.7  12.2  0.6  − 
Ile200  7.4  7.4  7.3  0.2  − 
Val211 g1  16.5  13.7  13.0  3.5  1.1 
Val211 g2  14.5  13.9  13.7  0.8  − 
Leu215  9.2  6.8  6.3  2.9  1.0 
Ile222  8.0  8.0  5.3  2.7  4.3 
Leu230  8.1  6.8  6.4  1.7  0.8 
Val234  15.2  12.6  13.1  2.1  3.4 
Leu236 d1  7.7  8.8  4.6  3.1  5.0 
Leu236 d2  13.8  12.9  13.8  0.0  − 
Val238  14.8  12.6  12.5  2.2  0.8 
Leu239 d1  11.5  8.7  9.7  1.8  5.3 
Leu239 d2  8.6  7.2  6.3  2.3  1.4 
Leu241 d1  3.7  2.8  2.4  1.3  − 
Leu241 d2  9.1  7.5  6.0  3.1  3.2 
Leu246 d1  9.9  7.1  7.1  2.8  0.5 
Leu246 d2  11.2  7.5  7.0  4.2  1.4 
Leu247  6.5  6.3  5.3  1.2  − 
Leu250 d1  8.4  6.3  6.4  2.1  0.4 
Leu250 d2  12.1  11.5  9.4  2.7  4.3 
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